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 ABSTRACT 
 
Harper, Ericka Shane (M.S. Geology [Department of Geological Sciences]) 
Fluvial architecture of the lower Williams Fork Formation (middle Mesaverde Group), Douglas 
Creek Arch, Colorado 
Thesis directed by Associate Professor Matthew J. Pranter 
 
 The main coal-bearing and lowermost upper intervals of the upper Cretaceous middle 
Mesaverde Group in the Douglas Creek Arch, northwestern Colorado are representative of 
marginal-marine to lower coastal-plain depositional environments. These strata serve as 
outcrop analogs to reservoir elements that are laterally equivalent to similar deposits in the 
adjacent Piceance and Uinta basins. The study interval is relatively low net-to-gross (<50% 
sandstone) and includes approximately 540 ft (164.6 m) of sandstone and mudstone, with two 
thin coal layers occurring near the base of the study interval. Sandstones within the study area 
are mainly very fine to fine grained, with a small percentage occurring as medium grained, and 
commonly exhibit ripple lamination and cross-stratification. Paleocurrent data obtained from 
outcrops (N=172, vector mean=86.5°) indicates an overa ll easterly direction of sediment 
transport.  
 Review of facies and architectural-element geometries indicates a lower coastal-plain 
depositional environment for the entire interval, with possible tidal influences on the mainly 
fluvial succession. Architectural elements found in the study area include 1) single-story channel 
body, 2) multi-story channel body, 2) crevasse splay, and 4) lacustrine. Eleven facies were 
defined based on lithology and sedimentary structures. Gamma-ray data for each facies 
suggests no clear correlation based solely on sedimentary structure variability. Architectural-
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element gamma-ray analysis indicates that sandstones predominantly show lower gamma-ray 
values than siltstones; however, overlap occurs between architectural elements, which may 
pose problems for interpretation based on well-log data alone. 
 Five detailed measured sections were used to correlate sandstone bodies within the 
0.5 mi2 (1.3 km2) study area in efforts to understand stratigraphic variability. Apparent widths, 
thicknesses and geometries aided in identifying architectural elements, which were then 
reviewed to determine spatial variability of sandstone bodies. Apparent widths range from 7 to 
1149 ft (2.3 to 350.3 m), and maximum thicknesses range from 0.3 to 25.5 ft (0.1 to 7.8 m). 
Single-story channel bodies occur most commonly in the lower and upper thirds of the study 
interval, with apparent widths ranging from 7 to 69 ft (2.3 to 21.0 m), maximum thicknesses 
ranging from 0.3 to 11 ft (0.1 to 3.4 m), and width/thickness ratios ranging from 9 to 79.  Multi-
story channel bodies occur in most commonly in the middle third of the study interval, with 
apparent widths ranging from 40 to 1149 ft (12.2 to 350.3 m), maximum thicknesses ranging 
from 0.7 to 25.5 ft (0.2 to 7.8 m), and width/thickness ratios ranging from 10 to 118.  Channel 
bodies tended to be more laterally continuous and thicker near the middle portion of the study 
interval, with multi-story channel bodies most commonly occurring above and below a potential 
sequence boundary. This increase in amalgamation may indicate an increase in 
accommodation rate, marking a change from a highstand systems tract to a lowstand systems 
tract. Crevasse splays tend to occur in the lower net-to-gross portions of the interval, with 
apparent widths ranging from 7 to 178 ft (2.3 to 54.3 m), maximum thicknesses ranging from 0.3 
to 2.7 ft (0.1 to 0.8 m), and width/thickness ratios ranging from 26 to 103. 
 Apparent widths and maximum thicknesses of similar architectural elements from the 
present study (N=43) were compared data to previous studies conducted in Coal Canyon, 
Colorado (Cole and Cumella, 2005, N=136; Pranter et al., 2009, N=668). Depositional 
environments and sandstone-body types were very similar, but dimensional data were less 
consistent. General width/thickness trends for the Coal Canyon data indicate greater apparent 
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widths and thicknesses in channel bodies than crevasse splays. Single-story channel bodies in 
Coal Canyon have apparent width values ranging from 44 to 1700 ft (13.4 to 518.2 m), 
maximum thickness values ranging from 3.9 to 29.9 ft (1.2 to 9.1 m) and width/thickness ratios 
ranging from 6 to 149. Like West Creek, multi-story channel bodies in Coal Canyon are larger 
than single-story channel bodies, with apparent width values ranging from 53 to 2791 ft (16.2 to 
850.7 m), maximum thicknesses ranging from 5 to 47.1 ft (1.5 to 14.4 m) and width/thickness 
ratios ranging from 4 to 221. Crevasse splays have apparent width values ranging from 40.1 to 
843.3 ft (12.2 to 257.0 m), maximum thickness values ranging from 0.5 to 15 ft (0.2 to 4.6 m) 
and width/thickness ratios ranging from 9.8 to 718.2. Comparison between the two data sets 
indicates variation in sandstone-body geometry and magnitude, with crevasse-splay 
architectural elements showing the most variation. Interpretive differences, sandstone-body 
orientations, exposure quality, measurement methods, and erosion are the likely causes of 
variation between the two data sets. 
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CHAPTER ONE 
INTRODUCTION 
The Piceance Basin, located in northwestern Colorado, is bound by the White River 
Uplift on the northeast, the Elk Mountains on the southeast, the Sawatch Uplift on the east, the 
Uncompaghre Uplift on the south, the Bookcliffs on the southwest, the Axial Fold Belt and Uinta 
Mountain Uplift on the north, and the Douglas Creek Arch on the west and northwest (Johnson, 
1989). The Douglas Creek Arch divides the Piceance Basin from the Uinta Basin, located in 
northeastern Utah. It is bound by the Uinta Basin boundary fault on the north, the Charleston-
Nebo thrust on the northwest, the Wasatch Plateau on the southwest, the San Rafael Swell on 
the south, and the Douglas Creek arch on the east (Anna et al., 2003). The boundaries of the 
Piceance and Uinta basins, or the Uinta-Piceance province, are roughly outlined by outcrops of 
the Mesaverde Group (Figure 1), which is Campanian/Maastrichtian (late Cretaceous) in age 
(Johnson, 1989, Anna et al., 2003).  
The Uinta-Piceance province is one of the main gas-producing regions in the United 
States. Though the underlying Mancos Shale is the source of gas contained within reservoirs of 
the Mesaverde Group, much of the gas produced from the Piceance Basin is sourced by coals 
of the Mesaverde Group, mainly from the lower Williams Fork Formation (Anna et al., 2003). 
The upper portion of the Williams Fork Formation is comprised mainly of alluvial-plain to 
coastal-plain sandstones and mudstones, whereas the lower portion is comprised mainly of 
shallow-marine to lower coastal-plain sandstones and mudstones. Lithofacies of these deposits 
vary greatly vertically and laterally in terms of their dimensions and reservoir-scale stratigraphic 
architecture. The purpose of this research is to more clearly understand the stratigraphic 
variability and reservoir-scale architecture of the fluvial deposits of the Williams Fork Formation. 
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Figure 1. Map showing the location of the Piceance Basin in northwestern Colorado including 
locations where the Mesaverde Group outcrops and major gas fields. Coal Canyon is denoted in 
red, just north of Palisade, CO. The majority of production within the basin is from the 
Mesaverde Group, specifically the Williams Fork Formation. Study area is depicted by yellow 
box south of Rangely, CO. Gas fields from Colorado Oil and Gas Commission. Modified from 
Hoak and Klawitter (1997) and Pranter et al. (2009). 
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Estimates of the amount of gas in the Piceance Basin vary greatly, but the US 
Geological Survey suggests that there may be as much as 423 trillion ft3 (about 12 trillion m3) of 
gas within the Mesaverde Group in the Piceance Basin (Johnson et al., 1989; Law, 2002).  
Because of its stratigraphic variability and heterogeneity, the Williams Fork Formation is difficult 
to characterize. The lower interval of the Williams Fork Formation ranges in thickness from 500-
700 ft (152-213 m) and is relatively sandstone-poor, consisting of less than 50% sandstone and 
a “low net-to-gross” ratio (Cole and Cumella, 2005). Sandstone bodies in the lower Williams 
Fork Formation range in thickness from 1000-1500 ft (305-457 m), tend to be discontinuous (low 
degree of sandstone connectivity), and are separated by non-reservoir mudstones (Cole and 
Cumella, 2005; Pranter et al., 2007, 2009). Upper portions of the Williams Fork Formation are 
more sandstone-dominated (“high net-to-gross” ratio) with higher sandstone-body connectivity. 
In short, sandstone bodies in the lower Williams Fork act as individual, small-scale reservoirs, 
whereas the upper sandstone bodies may act as larger, more continuous reservoir systems. 
The implications for these differences are key to the efficient development of gas resources in 
the Piceance Basin, as individual, small reservoirs commonly require more dense well spacings.  
 Stratigraphic nomenclature within the Piceance and Uinta basins is variable. It is 
therefore necessary to clarify the nomenclature used herein. Figure 2 is a summary of 
nomenclature used in the Uinta Basin, on the Douglas Creek Arch, and in the Piceance Basin. 
Because the study area is located within the Douglas Creek Arch, this paper refers to the terms 
related to the Douglas Creek Arch, unless referring to strata specifically in an adjacent basin. 
When referring to strata in the Piceance or Uinta basins, appropriate terms are used (e.g., 
Williams Fork Formation or Farrer/Tuscher Formations, respectively).  
Since the 1980’s, multiple studies have focused on the stratigraphy and depositional 
history of the Williams Fork Formation within the Piceance Basin (Payne, 1982; Molenaar and 
Rice, 1988; Franczyk et al., 1992; Tyler and McMurry, 1995; Hettinger and Kirschbaum, 2002, 
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Figure 2. Stratigraphy and terminology summary for the Uinta Basin, Douglas Creek Arch, and 
Piceance Basin. Study interval is stratigraphically located within the main coal-bearing 
Mesaverde interval (Kmvc) (black box). Modified from Cole (2010, personal communication), 
and Hettinger and Kirschbaum (2003). Terminology for Douglas Creek Arch is from Cullins 
(1971) and Barnum et al. (1997). 
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2003; Johnson and Roberts, 2003). Previous research has been conducted on outcrops as well 
as in the subsurface in order to gain a better understanding on the stratigraphic complexity, 
variability, and connectivity of reservoir sandstone bodies. Many workers (Hettinger and 
Kirschbaum, 2002, 2003; Patterson et al., 2003; Cole and Cumella, 2003, 2005; Cumella and 
Scheevel, 2008) have provided basin-scale cross sections using subsurface well-log 
correlations, which have led to better understanding of the lateral and vertical variations of the 
Piceance Basin stratigraphy. 
Research on the Williams Fork Formation has involved outcrops in Coal Canyon, 
Colorado. The Coal Canyon studies focused on characterizing reservoir-analog sandstone 
bodies using outcrop parameters (measured sections, paleocurrent data, GPS mapping data, 
high-resolution photomosaics, Light Detection and Ranging (LiDAR) data and images, gamma-
ray data, etc.), well-log data, and, in some cases, three-dimensional outcrop modeling, so as to 
determine and evaluate architectural-element characteristics (Ellison, 2004; Cole and Cumella, 
2005; Panjaitan, 2006; Pranter et al., 2007, 2009; Sommer, 2007; Binford, 2009; Pranter and 
Sommer, 2011). Additional outcrop work has been conducted as part of graduate-student 
research in the Rifle Gap area (Schaak, 2010) and the Douglas Creek Arch area (Payne, 1982; 
Noe, 1984; Caldes, 1998). Additional outcrop and subsurface research has focused on 
constructing three-dimensional reservoir models at Mamm Creek and Rulison fields (Vargas, 
2004; Pranter et al., 2007, 2008; Hewlett, 2010). 
Gibling (2006) provides a comprehensive review of fluvial-channel bodies based on their 
geometries, dimensions (apparent widths and thicknesses), geomorphic settings, and internal 
structures. Cole and Cumella (2003, 2005) conducted research along this theme, and identified 
five different sandstone-body types based on similar characteristics. Their research 
differentiated three different channel-type sandstone bodies and two crevasse splay-type 
sandstone bodies within the lower Williams Fork Formation in Coal Canyon. Documentation of 
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these sandstone-body types, as well as the dimensional database for sandstone-body 
dimensions, has allowed other researchers to conduct similar work in different study areas 
within the Piceance Basin. The end goal of such outcrop and subsurface research is to 
effectively map the subsurface reservoir stratigraphy of the Piceance Basin (Pranter et al., 
2009). 
This study builds upon previous research in the Douglas Creek Arch and southwest 
Piceance Basin to better understand the stratigraphic variability of lower coastal-plain fluvial 
deposits of the Mesaverde Group. Focusing on the lowermost upper (Kmvu) and coal-bearing 
(Kmvc) Mesaverde Group as exposed at West Creek on the Douglas Creek Arch (Figure 2), this 
study investigates (1) facies, facies associations, and architectural-element types, (2) 
dimensions and geometries of architectural-elements, (3) stratigraphic variability of 
architectural-elements and facies associations, and (4) how the stratigraphic variability of 
deposits in the study area compares with similar deposits in Coal Canyon. 
METHODS  
This study presents descriptions from four measured sections totaling 1,212 ft (369 m) 
and dimensional data obtained from 43 sandstone-bodies in West Creek and Mail Box Draw 
along the Douglas Creek Arch (Figures 1 and 3). This study includes data for one additional 
measured section that was provided by Anadarko Petroleum Corporation. Paleocurrent data 
were collected along measured sections and sandstone bodies that were mapped. Lithologies 
and sedimentary structures from measured sections (Figures 4 and 5) and outcrop-derived 
hand samples were used to establish facies. Petrographic analysis of thin sections (N = 16) 
from each representative lithofacies was conducted to further establish lithologic compositions, 
and to identify minerals (framework grains and cement), diagenetic effects, alterations, clay 
infiltrations, and any other variations not apparent in hand samples. Facies and their spatial 
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Figure 3. Detailed basemap of study area. Measured section locations from this study are 
denoted by red lines. Measured section from Anadarko Petroleum Corporation (WCW05) is 
shown in black. Nearby wells are shown as white circles with black crosses. Modified from U. S. 
Geological Survey, 1964 and Barnum et al., 1997. See Figure 1 for location of study area. 
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Figure 4. Measured sections from study area (shown on Figure 3 in red). Red tadpoles indicate 
paleocurrent measurements. Rose diagrams shown below each respective measured section 
summarize the data for each section; all measurements in rose diagram top right. Gamma-ray 
curve shows total-count values (cps). Gamma-ray curves are dashed red where inferred. 
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Figure 5. Key for measured sections including sedimentary structures, lithology, and associated 
features. 
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relationships were used to determine facies associations. Stratigraphic control was determined 
using nearby well SDC 7338 (shown in Figure 3) to locate the base of measured sections 
relative to the Buck marker of the Mancos Shale (Figures 6 and 7). The Buck marker lies 
approximately 1000 ft (305 m) below the base of the study interval. Control was also established 
based on a radioactive ash layer near the base of the measured section, which probably 
corresponds to the top of the Iles Formation (Figure 6). This ash layer was not observed within 
the study area; however, it is present in several locations approximately 0.5 mi (0.8 km) south of 
the study area. The ash layer appears to correspond to a regionally persistent tonstein called 
the Yampa Bed (72.5 Ma) (Brownfield and Johnson, 2008). Coals were also observed within the 
ash zone, which could be projected to below the study interval. The radioactive ash layer 
probably correlates with a similar ash sequence in the Philadelphia Creek-State Bridge Draw 
area (Hlava, 2011). The stratigraphic interval studied by Hlava (2011) and the interval in this 
study appear to overlap slightly when comparing the intervals relative to the radioactive ash 
layer. 
Sandstone-body apparent-width values were measured using a high-precision (sub-
meter resolution) Trimble® GeoExplorer® 2008 GPS receiver with waypoints taken at the 
terminations of each sandstone body. Terminations occur due to pinch outs, burial by talus or 
sediment, or truncation at the edge of a cliff. Terminations were only used if they appeared to be 
due to depositional processes. Terminations that occurred at the edge of hills were not used, as 
it was unclear if they were due to sedimentological processes or the result of erosion. 
Sandstone-body thicknesses were measured using a tape measure or Jacobs staff every 20 to 
50 ft (6 to 15 m) laterally along a given sandstone body. Thickness measurements were 
obtained 1 to 2 ft (0.3 to 0.6 m) in from the apparent terminations of each sandstone body, and 
a maximum thickness value was also recorded. Data were collated, and an apparent width and 
maximum thickness were determined for each sandstone body. Once this information was 
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Figure 6. Type well for study area with study interval indicated by West Creek composite section 
(composed of portions of each measured section completed during the course of this research). 
Red line denotes potential location of Yampa Bed, which is a radioactive ash layer. See Figure 
3 for location of well. 
2943 ft (897 m) 
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Figure 7. Comparison of gamma-ray curve from West Creek composite section (Figure 6) to 
gamma-ray curve of nearby well SDC7338. Red dotted line shows potential sequence boundary 
and black dotted line shows potential correlatable surface. Base of study interval is 
approximately 1000 ft (305 m) above the Buck marker (shown in Figure 6). 
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assimilated, facies, facies associations, contact types, and dimensional data were used to 
characterize architectural elements within the study interval.  
High-resolution photomosaics were created using Adobe Photoshop® using photos taken 
with a 12.3-megapixel Nikon D90 digital camera. Photomosaics were used in conjunction with 
sandstone-body measurements to further determine the geometries of sandstone bodies. 
Gamma-ray data were obtained using a RS-125 Super-Spec portable radiation detector. 
Gamma-ray logs for each measured section were constructed using readings acquired every 1 
ft (0.3 m). Gamma-ray log responses for facies and architectural-elements were evaluated to 
determine if unique log signatures exist. Anomalies were investigated to determine the cause. 
Stratigraphic relationships of architectural-elements were examined to determine how 
the net-to-gross ratio varies within the study area. For the purposes of this study, the term “net-
to-gross” is a ratio of the total amount of sandstone relative to the total amount of all lithologies. 
Net-to-gross ratios were estimated using lithologies on a per-foot basis. Each foot of sandstone 
thickness was divided by the total thickness to calculate a net-to-gross ratio. Reservoir 
connectivity is related to net-to-gross ratio, thus it is an important factor when considering 
potential reservoir quality (Knutson, 1971; Bridge and Tye, 2000). Correlation between 
measured sections allows identification of regional variations in net-to-gross ratio, which in turn 
is useful are identifying sequence-stratigraphic surfaces such, as sequence boundaries and/or 
maximum-flooding surfaces. 
STUDY AREA 
The study area is located on the Douglas Creek Arch, approximately 24 mi (38.6 km) 
south of Rangely, Colorado (Figures 1 and 3). The study area extends for approximately 1.2 mi 
(1.9 km) at the West Creek locality, and for approximately 0.8 mi (1.3 km) at the Mail Box Draw 
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locality (Figure 3). The study interval is located stratigraphically within the main coal-bearing 
interval of the Mesaverde Group (Kmvc) and lowermost upper Mesaverde Group (Kmvu), which 
is equivalent to the lower Williams Fork Formation in the Piceance Basin and the Farrer 
Formation in the Uinta Basin (Figures 2 and 6).  
The Douglas Creek Arch localities were selected due, in part, to the large number of 
wells that penetrate the stratigraphic interval of interest. These wells produce from the Dakota 
Sandstone and Mancos Shale (“Mancos B”) below the Mesaverde Group. The availability of 
such well data allows for correlation into the subsurface of the Piceance and Uinta basins. The 
specific study area was also chosen given its accessibility, quality of exposures (limited 
vegetation), and lateral continuity of the various sandstone bodies. Additionally, the study area 
is relatively close (within 25 mi [40 km]) to producing gas fields such as Sulphur Creek and 
Sage Brush Hills II (Ryan Gulch) in the Piceance Basin and Greater Natural Buttes field in the 
Uinta Basin (Figure 8).  
GEOLOGIC SETTING 
     Structural setting 
 The Douglas Creek Arch is a north-south trending anticlinal structure located in 
northwestern Colorado and northeastern Utah that separates the Piceance and Uinta basins 
(Figure 8). It extends from the Rangely anticline on the north 46.6 mi (75 km) south to an area 
just north of the Uncompaghre Uplift (Bader, 2009). It is believed that the arch acted more as a 
hingeline between the adjacent basins than as a positive topographic-high feature (Johnson and 
Finn, 1986; Johnson, 1989). The flanks of the arch are gently dipping (~5° on the western flank, 
~15° on the eastern flank), and it is substantially de formed by a north-south trending zone of en-
echelon faults (Figure 9) (Bader, 2009).  During much of the Cenozoic, the Douglas Creek Arch 
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Figure 8. Map of Piceance and Uinta basins showing overall relationship of the basins and 
Douglas Creek Arch, including oil and gas occurrences. Red square denotes approximate 
location of study area. Blue rectangle outlines the approximate location of the Douglas Creek 
Arch. Proximal gas fields are denoted by abbreviations: GN = Greater Natural Buttes, SB = 
Sage Brush Hills II (Ryan Gulch), and SC = Sulphur Creek. 
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Figure 9. Geologic map of the Douglas Creek Arch area showing study area location and north-
south trending zone of en-echelon normal faults. Modified from Cashion (1967). 
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existed as a topographic high, with sediments onlapping its structures from the adjacent basins 
beginning in the early to middle Paleocene. In the late Paleocene to early Eocene, sediments 
began onlapping the arch’s crest. During the Eocene, sediments (Wasatch and Green River 
formations) covered the arch (Johnson and Finn, 1986). 
The geologic history of the Douglas Creek Arch is somewhat complicated and debated, 
and the timing of its genesis has been the source of discussion and research (Johnson and Finn 
1986, Bader 2009). The current consensus is that the thick-skinned uplift of a structure 
predating the Douglas Creek Arch was related to horizontal compression, which was related to 
terrain collisions around 95 Ma and/or subduction of a shallow to near-horizontal slab of 
lithosphere around 85 Ma (Johnson and Finn, 1986; Bader, 2009).  However, Johnson and Finn 
(1986) also point out that the Douglas Creek Arch and other similar uplifts (e.g. White River 
dome, Piceance Creek dome, Rangely anticline) likely did not begin forming prior to about 74 
Ma, with most of the uplift occurring during the Eocene. Prior to these events, the Douglas 
Creek Arch area was a component of the Rocky Mountain foreland basin, which was 
downwarped due to eastward thrusting during the Sevier Orogeny. Thrusting occurred as early 
as the Late Jurassic and continued up until the early Eocene (Johnson and Finn, 1986). The 
downwarping and rapid subsidence allowed for the incursion of the Western Cretaceous epeiric 
seaway (Figure 10) during the late Cretaceous. Sediments deposited during this time form the 
Mesaverde Group and vary from shallow-marine to coastal-plain to alluvial-plain depositional 
environments, depending on the fluctuation of relative base level.  
The Piceance and Uinta basins are structural and sedimentary basins that formed during 
the Laramide Orogeny (Figure 11). The Sevier Orogeny, which began about 140 Ma, caused 
disruption of many supra-crustral strata on the North American plate (Franczyk et al., 1992). As 
the Farallon plate subducted beneath the North American plate, compression within Paleozoic 
and Mesozoic strata sliding across Precambrian basement rock, produced thin-skinned thrust  
    
      
Figure 10. Late Cretaceous paleogeography and 
reconstructions during (A) Late Cretaceous (85 Ma) and (B) Late Cretaceous (75 Ma). Modified 
from Blakey (2011). (C) Diagram showing idealized depositional environments in eastern Utah 
and western Colorado during the Late Cretaceous. Modified from Ryer and McPhillips (1983).
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Figure 11. Summary of depositional and structural events for the Uinta Basin and the 
westernmost portion of the Piceance Basin from Cretaceous to Oligocene time. From Franczyk 
et al. 1992. 
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faults that get younger to the east (DeCelles and Currie, 1996). One result of this compressional 
stress was a retroarc foreland basin (Western Interior Basin), which included the area where the 
present-day Piceance and Uinta basins are located. This event was not the end of basin 
subsidence, however (Franczyk et al., 1992).  
Tectonism related to the Laramide Orogeny, beginning about 75 Ma, became a factor in 
basin subsidence (Johnson et al., 2003). It is hypothesized that the angle of subduction of the 
Farallon Plate may have shallowed, causing a shift from thin-skinned thrusting to thick-skinned 
tectonism, where basement rocks were faulted in addition to the overlying sediments. This 
resulted in basement-cored uplifts and associated smaller-scale intermontane basins, such as 
the Uinta and Piceance Basins.  Large lakes developed in such basins during the Paleocene 
(e.g., Green River Formation) (Franczyk et al., 1992).  
     Regional stratigraphy 
Figures 12 and 13 illustrate a geologic map and stratigraphic cross section, respectively, 
of the Piceance Basin, Douglas Creek Arch, and the Uinta Basin (Johnson and Roberts, 2003). 
During the incursion of the epeiric seaway, great thicknesses of offshore marine mudrock were 
deposited, and form the Mancos Shale. As relative sea level fluctuated later in the Late 
Cretaceous, clastic sediments from the Sevier orogenic belt were deposited along the western 
margin of the seaway (Fouch et al., 1983). These regressions and transgressions of the 
shoreline led to progradation and retrogradation, which in turn led to intertonguing of marine and 
continental sediments related to movement of the shoreline. These intertonguing relationships 
represent parasequences and parasequence sets, which are, as defined by Van Wagoner et al. 
(1990), “a relatively conformable succession of genetically related beds or bedsets bounded by 
marine-flooding surfaces or their correlative surfaces”. Overall movement of the shoreline was 
to the east, until eventually the shoreline was pushed past the present-day Piceance Basin. The 
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Figure 12. Geologic map of Piceance Basin, Douglas Creek Arch and Uinta Basin with regional 
cross-section shown (red line denotes wells 12-43, which are included in Figure 13 cross-
section). Study area location denoted by yellow box. Modified from Johnson and Roberts 
(2003). 
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Figure 13. Stratigraphic cross-section across the Piceance Basin, Douglas Creek Arch, and 
Uinta Basin. Location of cross section shown on Figure 12. Modified from Johnson and Roberts 
(2003). 
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resulting intertonguing of marginal-marine and coastal-plain sediments comprise the strata that 
make up the Mesaverde Group (Johnson, 1989; Van Wagoner et al., 1990; Shanley and 
McCabe, 1994) (Figure 2). Figures 10A and B illustrate the overall easterly movement of the 
shoreline during the Cretaceous. 
Due to the intertonguing relationship of Mesaverde Group strata with Mancos Shale, the 
stratigraphy between the Piceance and Uinta basins is somewhat complicated. As mentioned 
previously, nomenclature varies depending on which basin one is referring to, and in fact, 
changes when referring to the Douglas Creek Arch. One of the older regressive-cycle 
depositional units is the Castlegate Sandstone, which grades into Mancos Shale around the 
Colorado-Utah state line (Johnson, 1989; Hettinger and Kirschbaum, 2002, 2003). The 
Bluecastle Tongue contains beds that are believed to be equivalent lithologically to the 
Castlegate Sandstone, so it was redefined as a member of the Castlegate Sandstone by Fouch 
et al. (1983) and Lawton (1986). The Castlegate Sandstone is representative of estuarine, 
deltaic and fluvial deposits, is thickest near Helper, UT, and thins to the southeast until it grades 
into Mancos Shale (Johnson, 1989; Hettinger and Kirschbaum, 2002, 2003). The fluvial and 
estuarine rocks of the Castlegate Sandstone were possibly deposited within an incised valley 
(Van Wagoner et al., 1990). 
 Above the Castlegate Sandstone lies the Buck Tongue of the Mancos Shale, produced 
by a transgression. It is believed that this incursion occurred relatively rapidly (Van Wagoner et 
al., 1990; Hettinger and Kirschbaum, 2002, 2003). The next regressive cycle resulted in 
deposition of the Sego Sandstone, which has been divided into two intervals separated by the 
Anchor Mine Tongue of the Mancos Shale. Strata in the Sego Sandstone include deltaic, tidal- 
flat, lagoonal, tidal-inlet, and shoreface sediments (Noe, 1984; Johnson, 1989). Above the Sego 
Sandstone are the Iles (Piceance Basin) and Neslen (Uinta Basin) formations. In the Piceance 
Basin, the Iles Formation is comprised of the Corcoran, Cozzette, and Rollins Sandstone 
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Members, which represent intertonguing pulses of marginal-marine/coastal-plain sediments. 
Overall thickness of the Iles Formation ranges from 890 to 1,600 ft (270 to 490 m) (Tyler and 
McMurry, 1995; Hettinger and Kirschbaum, 2002) The Corcoran and Cozzette Members consist 
of lagoonal, tidal-flat, tidal-channel, distributary-channel, marsh, and paludal facies indicative of 
a delta-plain or lower coastal-plain origin (Kirschbaum and Hettinger, 2004).  
The Rollins Sandstone Member is the uppermost member of the Iles Formation, and 
correlates with the Trout Creek Member near Meeker, Colorado. In the Piceance Basin, the 
Rollins Sandstone Member is quite extensive, and consists of a wave-dominated strandline 
system resting on a tongue of Mancos Shale. This succession is indicative of progression of a 
shoreline, characterized by offshore deposits at the base, overlain by shoreface and foreshore 
sandstone (Young, 1955; Johnson, 1989; Hettinger and Kirschbaum, 2003). The Iles/Neslen 
Formations are the equivalent to the lower coal-bearing Mesaverde Group (Figure 2). 
Above the Iles/Neslen Formations lies the Cameo-Fairfield coal zone in the Piceance 
Basin, which is equivalent to the main coal-bearing Mesaverde interval. It contains numerous 
low-sulfur coals, most likely deposited in freshwater conditions (Collins, 1976; Johnson, 1989). 
There are also occurrences of more high-sulfur coals in the southeastern portion of the 
Piceance Basin, which would indicate replacement of fresh water with brackish water in 
swamps, likely during a transgression (Collins, 1976; Johnson, 1989). In the study area, these 
coal beds are relatively thin, and none are greater than 2 ft (0.6 m) thick. Coals in the Cameo-
Fairfield interval are interbedded with channel sandstones and carbonaceous mudrock. Channel 
sandstones were probably deposited by streams with moderate to high sinuosity (Lorenz et al., 
1985; Johnson, 1989). It is possible that the channels were distributaries from a large river 
system, or they could have been smaller channels on a lower coastal plain that were part of a 
local system.  
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The main coal-bearing (Kmvc) and lowermost upper (Kmvu) Mesaverde intervals are 
equivalent to the sandstone-poor Williams Fork Formation in the western Piceance Basin (Cole 
and Cumella, 2005) and the Farrer Formation in the eastern Uinta Basin (Figure 2).  The lower 
Williams Fork Formation is comprised of cyclic marine and non-marine deposits, some of which 
are divided into members in the eastern Piceance Basin (Collins, 1976). For simplicity, this 
paper refers to the sandstone-poor lower Williams Fork Formation and the sandstone-rich upper 
Williams Fork Formation. The Williams Fork Formation is thickest on the eastern margin of the 
Piceance Basin (about 5,000 ft [1524 m] thick), and thins westward to about 1,200 ft (365 m) on 
the Douglas Creek Arch (Hettinger and Kirschbaum, 2002, 2003). Westward thinning may be 
attributed to variations in subsidence rates in different parts of the basin (Johnson et al., 2003).  
Beds along the Douglas Creek Arch dip gently to the east about 4-7° (U. S. Geological 
Survey, 1964; Johnson and Finn, 1986; Barnum et al., 1997; Pranter et al., 2009). The 
sandstone-poor interval is interpreted to be more proximal to the shoreline, due to its low net-to-
gross ratio, which is indicative of the amount of sandstone in the system (Johnson, 1989; Tyler, 
and McMurry, 1995; Cole and Cumella, 2005). Deposits of the lower Williams Fork Formation 
include swamp coal, tidally influenced fluvial channel, fluvial channel, floodplain, and crevasse 
splay. Sediments become coarser and more sandstone-rich upward, which is indicative of the 
overall seaward (east) migration of the shoreline, and a change in deposition from coastal-plain 
to alluvial-plain facies of the upper Williams Fork Formation. This trend may also be indicative of 
decreased accommodation, which could cause top lap of sediments (Shanley and McCabe, 
1994). Another possibility for decreased accommodation space is the migration of the flexural 
wave related to Sevier thrust belt eastward (DeCelles and Currie, 1996). As the orogenic wedge 
progressed eastward, accommodation space would have decreased over a period of tens of 
millions of years.  
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PETROLEUM SYSTEM 
The Mesaverde Total Petroleum System (TPS) is a significant source of natural gas plus 
minor oil. It encompasses an area of approximately 20,000 mi2 (51,800 km2) across the 
Piceance and Uinta basins and Douglas Creek Arch. Gas production from the Mesaverde TPS 
within the Uinta Basin is mainly from the eastern side. The Mesaverde Total Petroleum System 
is bound in the Uinta Basin by Mesaverde outcrops in the Bookcliffs to the south, Precambrian 
rock of the Uinta Mountains to the north, and to the west by the Wasatch Mountains. In the 
Piceance Basin, the Mesaverde TPS shares boundaries with outcrops of the Mesaverde Group 
as previously discussed (Figures 1 and 8). Thicknesses of the Mesaverde interval vary from 
less than 1,500 ft (457 m) near the Douglas Creek Arch to more than 9,000 ft (2,743 m) in the 
Uinta Basin and more than 10,000 ft (3,048 m) in the Piceance Basin. Within the Uinta Basin, 
the maximum depth to the base of the Mesaverde can reach more than 19,000 ft (5,791 m), and 
in the Piceance Basin can reach about 13,000 ft (3,962 m) (Johnson and Roberts, 2003). The 
Mesaverde TPS includes the Mesaverde Group (Castlegate, Sego, and Starpoint Sandstones 
and the Blackhawk, Price River, Neslen, Farrer, and Tuscher Formations), and the Wasatch 
Formation in the Uinta Basin, and includes the Mesaverde Group (Mount Garfield, Hunter 
Canyon, Iles, and Williams Fork Formations) in the Piceance Basin (Figures 12 and 14). The 
uppermost limit of the Mesaverde TPS is generally placed at lacustrine facies at the base of the 
Eocene Green River Formation (Johnson and Roberts, 2003). 
 Source rocks of the Mesaverde Group are coal and coal-rich sedimentary rocks. These 
types of rocks accumulated in swamps, mires, and marshes in proximity to coastal-plain and 
deltaic environments during the late Cretaceous. Due to the mainly terrigenous source of 
carbonaceous material, kerogen in these coals and coal-rich sediments is Type III, thus mainly 
gas-generating. Reservoir rock within the Mesaverde TPS is generally comprised of fluvial 
channel sandstones, which were deposited during the late Cretaceous and Tertiary. In the Uinta 
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Figure 14. Generalized stratigraphic section showing the Mesaverde System (gray) and source 
rocks of the Uinta Basin, Douglas Creek Arch, and Piceance Basin. Modified from Johnson and 
Roberts (2003); original data from Sanborn (1977) and Spencer and Wilson (1988). 
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Basin, most of the Mesaverde TPS reservoir rock is produced from the Wasatch Formation. In 
the Piceance Basin, most production is from the Mesaverde Group reservoir rock, but some 
production is also from the Wasatch Formation (Johnson and Rice, 1990; Cumella and Ostby, 
2003).  Reservoirs in the Mesaverde Group of the Piceance Basin can be from 20 to 60 ft (6 to 
18 m) thick and have low porosities in general (about 5 to 12%), and low permeabilities 
generally ranging from about 0.01 to 2 mD  (Cumella and Ostby, 2003; Johnson and Roberts, 
2003).  
 The trapping mechanism for the fluvial, “basin-centered” tight-gas reservoirs within the 
Piceance and Uinta basins is believed to be capillary seal (water block). Because not all gas 
was trapped by water blockage, it is thought that water blocks had to have been in place after 
gas generation began, but prior to peak gas (Johnson and Roberts, 2003). In addition to 
hydrodynamic traps, conventional stratigraphic traps are also present. Many of the sandstone-
bodies are limited in extent, both vertically and laterally, and are surrounded by floodplain/marsh 
mudrock, creating stratigraphic traps that are very localized (Cumella and Ostby, 2003). This 
leads to a high degree of compartmentalization within the basins, where sandstone-bodies are 
poorly connected. Compartmentalization occurs in both basin-centered and conventional areas 
of the basins. So, the Mesaverde Group acts as an effective trap, but it is not the only one. The 
lacustrine strata of the Eocene Green River Formation overlie Wasatch and Ft. Union 
formations, and the Mesaverde Group (Johnson and Roberts, 2003). The low-permeability rocks 
of the Green River Formation inhibit vertical migration, and are regional lateral seals as well. In 
addition to providing a seal, the Green River comprises overburden necessary to bury the 
source rocks to sufficient depths for thermal maturation of kerogen.  
 Because the Mesaverde Total Petroleum System is a significant gas resource, 
understanding of its reservoir elements is imperative to efficiently develop and exploit the 
multiple fields located in the Piceance and Uinta basins. Not only are potential reservoir 
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elements of the lower Williams Fork Formation difficult to develop due to low porosities and 
permeabilities, but characterization is difficult due to stratigraphic variability, unpredictable 
geometries, and lack of connectedness of these more isolated sandstone bodies. By 
understanding all elements of the petroleum system, in addition to statistical data of observed 
geometries, it is possible to better predict and model potential fluvial sandstone bodies that are 
likely candidates for reservoirs. This effort may be rewarded in the future by more efficient, 
precisely directed recovery methods. 
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CHAPTER TWO 
FACIES, FACIES ASSOCIATIONS, AND ARCHITECTURAL ELEMENTS 
 The term “facies”, in its simplest form, refers to “units of similar aspect” (Walker and 
James, 1992, p. 3). The way in which facies are determined is chosen by individual workers, 
and is usually related to lithologies, paleontological aspects, and/or sedimentary structures. 
Oftentimes, previously established facies models and guidelines are used to determine facies. 
Descriptions of facies generally include grain size, sorting, roundness, composition, degree and 
type of bioturbation, sedimentary structures, or any other characteristics that can aid in later 
environmental interpretations. The facies themselves provide information on depositional 
environment and processes involved in sediment deposition, but they by themselves do not 
complete the story. It is therefore important to review vertical successions and lateral changes 
of facies to determine what relationships exist. When facies appear to be closely related to each 
other depositionally, it is possible to group them into facies associations, or “groups of facies 
genetically related to one another and which have some environmental significance” (Collinson, 
1969; Walker and James, 1992, p. 5). Architectural elements are similar to facies associations 
in that depositional systems are implied, but they also take into account 3-D geometries and 
nature of boundaries. By defining architectural elements in the field, one can determine the 
vertical and lateral variability of strata in a particular area, and also begin to understand the 
overall depositional setting that existed.   
FACIES  
Facies were defined by measuring four detailed sections (Figure 3) with a Jacob staff (5 
ft, 1.5 m). Detailed descriptions of the outcrops were completed along with gamma-ray and 
paleocurrent measurements. Locations for the measured sections were chosen based on 
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access and lateral spacing (1,000 to 2,000 ft, 305 to 610 m), which are similar to a 40- to 80- ac 
(0.06 to 0.13 mi2; 0.16 to 0.32 km2) well spacing. For each measured section, field descriptions 
were digitized and compared to photos and samples taken at regular intervals.  
Eleven facies were interpreted from the measured sections based on lithology, grain size 
and sorting, organic content, sedimentary structures, ichnofacies, and degree of bioturbation 
(Table 1). For the purposes of this discussion, the degree of bioturbation (including rooting and 
burrowing is indicated by the terms low (less than 20% disruption, sedimentary structures 
mainly intact with little alteration), moderate (20-40% disruption, sedimentary structures and 
fabric visible but clearly disrupted), high (40-75% disruption, sedimentary structures and fabric 
faintly visible), and intense (greater than 75% disruption, original sedimentary structures and 
fabric no longer visible). Facies percentages were calculated by assigning a facies to every 1 ft 
(0.3 m) on each measured section and dividing the number of feet of each facies by the total 
footage for all the measured sections. Covered intervals were included in these measurements, 
so they are also assigned a percentage (Figure 15).  
The standard Wentworth (1922) classification is used here to describe sand-sized 
framework grains, where very fine sands are between 1/16 and 1/8 mm, fine sands are between 
1/8 and 1/4 mm, and medium sands are between 1/4 and 1/2 mm. Mudrocks (silt- and clay-
sized grains) are classified using Picard (1971). Siltstone refers to a rock comprised of more 
than 75% silt-sized grains. When sand or clay is present in a rock composed of between 50% 
and 75% silt, the modifier “sandy” or “clayey” is used in conjunction with “siltstone”, depending 
on which component is more dominant. Because all the rock in the study interval fall into one of 
the afore-mentioned categories, further elaboration on the Picard classification is not needed for 
the purposes of this paper. 
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Figure 15. Graph showing facies percentages relative to the total footage of all five measured 
sections (total 1,693 ft [516 m]). 
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Asymmetric-ripple cross-laminated sandstone (SRA) 
 The asymmetric-ripple cross-laminated sandstone facies is the most common facies 
within sandstone-dominated rocks of the study interval, accounting for 17.2% of the total study 
interval (Figure 15, Table 1a). In every case, ripples are unidirectional, indicating deposition by 
current flow. Ripple foresets and small-scale (< 0.4 in [1 cm] high) trough cross-stratification are 
commonly visible. Rippled sandstone is typically very fine to medium grained, moderately to well 
sorted, and the grains are subangular to subrounded. Color varies from light gray to orangeish-
tan. The presence of siderite or hematite in the ferroan dolomite cement can add an orangeish-
reddish tint to sediments. This facies tends to be fairly quartz-rich, but also contains plagioclase, 
and to a lesser extent, potassium feldspars, carbonaceous debris (coal and charcoal), and 
occasionally pyritic concretions and hematitic rinds surrounding what may be root traces. It is 
estimated that this facies generally contains more than 95% sand-sized grains. Asymmetric-
ripple cross-laminated sandstone facies generally lacks bioturbation, but there are some cases 
where low to moderate bioturbation is visible. Thicknesses vary from 0.5 to 10 ft (0.2 to 3.1 m), 
and contacts are generally sharp. Rippled sandstone does occur as the sole facies within some 
sandstone bodies, but more commonly it appears with other facies. 
Current-rippled sandstone was probably generally deposited as a result of low 
velocity/low energy currents (lower flow regime), and occurs in any depositional environment 
where grain size, energy conditions, and unidirectional fluid flow are conducive to formation. 
Ripples differ from dunes in size. Though both dunes and ripples may be transverse ridges of 
sand, ripple heights are less than 1.6 in (4 cm), whereas dune heights are greater (Allen, 1982). 
Due to the presence of terrestrial organic debris and lack of prominent mud drapes, it is likely 
that this facies results from deposition as fill in a fluvial/crevasse channel or in a floodplain 
crevasse splay setting. The presence of siderite indicates the possibility of deposition in a more 
stagnant, oxygen-poor floodplain environment, as siderite is suggested to form biogenically in a 
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reducing environment under low oxygen level, low sulfate concentration, high sedimentation 
rate, high organic carbon concentration and low pH conditions (Coleman, 1985; Mozley and 
Wersin, 1992). The origin of siderite within the study interval is unknown; therefore, it is possible 
that siderite was formed diagenetically, which would not necessarily be indicative of sediment 
deposition in a reducing environment. The presence of hematite is indicative of more oxic 
conditions, which would be more common in fluvial environments. Rippled sandstones can also 
form in tidally influenced fluvial channels, estuaries, beaches, lagoons, and even in the deep 
ocean; however, they are most commonly deposited in shallow-water environments. Though 
preservation potential for rippled sandstone may not always be favored due to frequent 
reworking of sediment, it is likely that the amount of sediment available in the system was 
sufficient so that many occurrences of rippled sandstone were preserved in the study interval.  
     Low-angle cross-stratified sandstone (SLPL) 
 The low-angle cross-stratified sandstone facies is the third most common sandstone-
dominated facies in the study interval, and accounts for nearly 9% of observed facies (Figure 
15, Table 1a). Low-angle cross-stratified sandstone is typically very fine to medium grained, 
moderately to well sorted, with subangular to subrounded framework grains. Color varies from 
light gray to orangeish-tan, and similarly to ripple-laminated sandstone, is likely as a 
consequence of siderite or hematite in the dolomitic cement. This facies is typically quartz-rich, 
but also contains framework grains consisting of plagioclase feldspar, chert, and minor amounts 
of potassium feldspar, and calcite. This facies also can contain carbonaceous material (coal and 
charcoal), occasional siderite nodules, and hematite surrounding root traces. The low-angle 
cross-stratified sandstone facies generally lacks bioturbation; however, low to moderate 
burrowing and rooting was observed. This facies contains small- to medium scale planar cross-
stratification, with foresets dipping from 1 to 10°. In dividual set thicknesses range from 0.5 ft (0.2  
39 
 
m) to 5 ft (1.5 m), with overall thickness of low-angle cross-stratified sandstone intervals ranging 
from 0.5 to 8 ft (0.2 to 2.4 m). Contacts are generally sharp, but can also be gradational. Low-
angle cross-stratified sandstone commonly appears as one of many facies within a sandstone 
body, but can also form the only facies.  
Low-angle cross-stratified sandstone was deposited by lower flow-regime currents. This 
facies is differentiated from the asymmetric-ripple cross-laminated sandstone facies on the 
basis of scale. Formation processes are similar for both, but the SLPL facies has moderate-scale 
(1.6 to 60 in [4 cm to 1.5 mm]) high foresets, whereas ripples have small-scale (less than 1.6 in 
[4 cm]) high foresets (Allen, 1982). Foresets are generally planar, but can become tangential as 
they approach a basal bounding surface or scour. This facies forms by the migration of 2-D and 
3-D dunes in fluvial environments. Due to the presence of terrestrial organic debris and lack of 
prominent mud drapes, as well as the presence of siderite, it is likely that this facies resulted 
from deposition in a fluvial/crevasse channel or in a floodplain crevasse-splay environment. 
Low-angle cross-stratified sandstones can also occur in tidally influenced fluvial channels or as 
point/channel/marine-bar deposits. 
     Trough cross-stratified sandstone (SLT) 
The trough cross-stratified sandstone facies is less common within the study interval, 
accounting for ~3% of observed facies (Figure 15, Table 1a). Like the previously discussed 
facies, trough cross-stratified sandstone consists of framework grains that are typically very fine 
to medium grained in size, moderately to well sorted, and subangular to subrounded. This facies 
is typically quartz-rich, but also contains lesser amounts of feldspar, chert, organic material (coal 
and charcoal), siderite, hematite surrounding root traces, pyrite, and calcite grains. Sand-sized 
framework grains consisting of quartz, plagioclase feldspar, and potassium feldspar comprise 
more than 95% of the rocks belonging to this facies. Color varies from light gray to orangeish-
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tan. Siderite or hematite in the dolomitic cement probably produces the orange-tan color. Little 
to no bioturbation was observed within trough cross-stratified sandstones. Bed thickness varies 
from 0.5 to 8 ft (0.2 to 2.4 m). Contacts are generally sharp and erosional, but can also be 
gradational.  
Trough cross-stratified sandstone was deposited by moderate velocity/energy currents in 
the lower flow regime. Trough cross-stratified sandstones are differentiated from high- and low-
angle cross-stratification on the basis of their overall geometries and bounding- surface 
contacts. The trough cross-stratified sandstone facies has curved surfaces, whereas high- and 
low-angle cross-stratification facies have flat/planar surfaces. When only foresets are visible in 
strike view, low- to high-angle foresets of 3-D dunes appear similar to those of 2-D dunes. The 
difference is visible in the dip-oriented cross-section view. Two-dimensional dunes show 
horizontal flat/planar lamina, whereas 3-D dunes show troughs. Trough cross-stratified 
sandstone facies is the result of 3-D dune migration in fluvial environments (Allen, 1982).The 
presence of terrestrial organic debris and lack of prominent mud drapes further supports the 
interpretation that trough cross-stratified sandstone facies within the study interval were 
deposited in a fluvial environment.  
     High-angle cross-stratified sandstone (SLPH) 
 The high-angle cross-stratified sandstone facies accounts for about 2% of observed 
facies in the study interval (Figure 15, Table 1b). Framework grains are typically very fine to 
medium grained, moderately to well sorted, and subangular to subrounded. Color varies from 
light gray to orangeish-tan. This facies is typically fairly quartz-rich, but also contains lesser 
amounts of plagioclase feldspar, potassium feldspar, chert, organic material (coal and charcoal), 
occasional siderite nodules, hematite surrounding root traces, siltstone clasts, and minor 
occurrences of calcite grains. Cement consists mainly of ferroan dolomite, with minor amounts 
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of calcite. Framework grains are mainly sand-sized, with silt- and clay-sized grains comprising 
less than 10% of framework grains. The high-angle cross-stratified sandstone facies generally 
lacks bioturbation, but there are examples where minor burrowing and rooting are present. 
Foresets are typically planar, with set thicknesses ranging from 6 to 24 in (15 to 61 cm), and 
with dip angles of 10° to 30°. Thicknesses vary from 0. 5 to 3 ft (0.2 to 0.9 m) and upper and 
lower contacts are generally sharp, but can also be gradational.  
Deposition of high-angle cross stratification is similar to that of low-angle cross-
stratification, but differs by angle and set thickness. Sets of high-angle cross-stratified 
sandstone facies are typically thinner than those of the low-angle cross-stratified sandstone 
facies. High-angle cross-stratification can result from 2-D and 3-D dune migration in fluvial 
environments, with the foresets inclined down current.  High-angle cross-stratified sandstones 
can also occur in tidally influenced fluvial channels, as migrating channel bar deposits, and as 
crevasse-splay deposits (Allen, 1982). Like previously discussed facies, the presence of 
terrestrial organic debris and lack of prominent mud drapes support the likelihood that this facies 
resulted from deposition as fill in a fluvial/crevasse channel. Due to the minor amounts of 
bioturbation observed, a less likely, but still possible, interpretation of depositional environment 
is a crevasse-splay.  
     Convoluted sandstone (SC)  
 The convoluted sandstone facies accounts for about 3% of the study interval (Figure 15, 
Table 1b). Sandstone in this facies is generally very fine to medium grained, subangular to 
subrounded, and moderately to well sorted. Framework grains are quartz-rich, but also contain 
minor amounts of plagioclase and potassium feldspars, chert, carbonaceous material (coal and 
charcoal), siderite, hematite surrounding root traces, pyritic concretions, siltstone clasts, calcite 
grains and cement, and ferroan-dolomite cement. Colors vary from light gray to tan to 
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orangeish-tan. The presence of siderite or hematite in dolomite cement may impart an 
orangeish-reddish tint to sediments. The convoluted sandstone facies generally lacks 
bioturbation, but there are cases where low to intense burrowing and rooting are present. 
Originally, the contorted sediment was deposited as planar parallel or wavy laminations, trough 
cross-stratification, or tabular cross-stratification. Convoluted areas can be traced laterally into 
undeformed strata. The thickness of convoluted sandstone beds ranges from 0.5 to 5 ft (0.15 to 
1.5 m), and contacts are generally sharp, and rarely gradational.  
 Convoluted bedding forms as a result of folding, crumpling, and slumping of existing 
structures due to soft-sediment deformation.  In order for existing sediments to deform 
plastically, they would have to behave as a relatively cohesive mass, thus would have to be 
either liquidized or hydroplastic (Allen, 1982). Lamination and bedding are generally traceable 
throughout the folds. Oftentimes, strata above and below show no evidence of distortion, and 
convoluted bedding can be truncated by an overlying scour. Previous studies in the area have 
described soft-sediment deformation within point-bar deposits that were produced by 
liquefaction within chute channels during flood-flow (Anderson, 2005). Like the previous facies 
described, the presence of terrestrial debris and organic material (coal and charcoal) indicates 
this facies was deposited within a fluvial environment. The presence of pyrite nodules suggests 
that some deposition could have occurred within a tidally influenced fluvial channel. 
     Structureless sandstone (SS)  
 The structureless sandstone facies accounts for about 2% the study interval (Figure 15, 
Table 1b). Structureless sandstone is generally very fine to fine grained, with subangular to 
subrounded grains that are moderately to well sorted. This facies is typically quartz-rich, but 
also contain lesser amounts of feldspar, chert, carbonaceous debris (coal and charcoal), 
siderite, hematite surrounding root traces, siltstone clasts, and calcite grains. Cements consist 
43 
 
mainly of dolomite, with minor amounts of calcite or silt/clay. Color varies from light gray to tan 
to orangeish-tan. The structureless sandstone facies generally contains intense or cryptic 
bioturbation, but can also contain siderite/hematite halos around root traces. Intervals of this 
facies range from 1 to 10 ft (0.30 to 3.0 m) thick, and the contacts are generally sharp. 
Structureless sandstone appears most commonly as one of many facies within a sandstone 
body, but one example was noted where this facies was dominant.  
 Structureless sandstone usually forms as a result of rapid deposition of grains from 
suspension (no traction transport) or by disruption of existing structures by cryptic bioturbation. 
Structureless sediments can occur in fluvial environments. Similar to the previous facies 
described, the presence of carbonaceous debris (coal and charcoal) suggests deposition by 
fluvial processes.   
     Organic-rich laminated silty sandstone (SWL) 
 The organic-rich laminated silty sandstone facies varies from previous facies in that it 
contains fewer sand-sized framework grains and can contain extensive silty to muddy lamina. 
This facies accounts for 9% of the study interval (Figure 15, Table 1c), and is typically 
moderately to very friable, and structures are often defined by coaly or silty drapes and lamina. 
Structures include wavy lamina (which are likely low-amplitude ripples), planar-parallel lamina, 
low- to high-angle cross-stratification, and trough cross-stratification. Rare occurrences of silty 
sandstone are structureless. The organic-rich laminated silty sandstone facies consists of silt-
sized to very fine- to fine-grained, poorly to well sorted, and subangular to subrounded 
framework grains. Color varies from light gray to orangeish-tan to orange. The orangeish-
reddish tint in this facies is less orange than in previously described facies. Framework grains 
include quartz, plagioclase feldspar, potassium feldspar, chert, mud chips, and carbonaceous 
material (coal and charcoal). Calcite (cement and grains), siderite (nodules and bands), and 
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rare pyritic concretions and hematitic root traces also occur. This facies may lack bioturbation, 
but there are examples where minor bioturbation is visible. Teredolites burrows are locally 
present. Teredolites are burrows formed by bivalves and are found in woodground (xylic) 
settings in brackish to marine waters (Pemberton, 1992; Moran et al., 2010).Thickness of the 
organic-rich laminated silty sandstone facies varies from 0.5 to 5 ft (0.15 to 1.5 m), and the 
contacts are generally sharp, but can also be gradational. The organic-rich laminated silty 
sandstone facies does occur as the sole facies within some sandstone bodies, but more 
commonly appears as one of many facies within a sandstone body. 
Conditions for deposition of this facies are described in previous sections. Due to the 
presence of terrestrial organic debris as mud drapes, it is likely that it was deposited in a tidally 
influenced fluvial environment. Other possible depositional environments include 
fluvial/crevasse channels or in a crevasse-splay environment. The presence of Teredolites 
further indicates deposition in a brackish-water setting. Where Teredolites are absent, it is 
possible that deposition occurred during extremely low energy, freshwater conditions, possibly 
in an abandoned channel. The mud drapes suggest a fluctuating flow. 
     Fissile siltstone (MF) 
 The fissile siltstone facies accounts for approximately 15% of the study interval; 
however, this percentage is likely higher due to its cover by talus and soil (Figure 15, Table 1c). 
This facies is typically black to dark-gray and fissile. Grains consist of clay, carbonaceous debris 
(coal and charcoal), limonite, and the cement is calcite.  This facies commonly contains tree 
bark, branch, and plant-stem impressions, and the dark color is due to the abundance of organic 
material. Fissile siltstone lacks any visible bioturbation in outcrop. Thickness ranges from 1 to 
22 ft (3.0 to 6.7 m), but may be up to 40 ft (12.2 m) where covered.   
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The fissile siltstone facies was deposited via suspension settling of silt- and clay-sized 
particles, which may have been flocculated. The lack of observable bioturbation in these rocks 
may be attributed to high sedimentation rates; however, it is also possible that bioturbation is 
not visible due to weathering of the outcrop. The presence of coaly lamina suggests that 
deposition was slow, with occasional inundation by silt and clay-rich water in a floodplain 
setting. Such environments can include an abandoned channel, oxbow lake, or swamp.  
     Structureless siltstone (FS)  
 The structureless siltstone facies accounts for about 28% of the study interval; however, 
like the fissile siltstone facies, this percentage is likely higher (Figure 15, Table 1c). This facies 
is typically black to dark gray or maroon, with silt-sized grains consisting of quartz, 
carbonaceous debris (coal and charcoal), limonite and clay. Calcite and dolomite are the 
dominant cements. Some of the rocks belonging to this facies are more sand-rich siltstones, or 
sandy siltstones, which may be orangeish-tan to brown and contain 25% to 40% very fine 
grained framework grains. This facies commonly contains tree bark, branch, and plant-stem 
impressions, plus siderite nodules and layers. Structureless siltstone can contain moderate 
bioturbation possibly of the Scoyenia ichnofacies (Pemberton, 1992), but in most cases visible 
bioturbation is absent. Where bioturbation is visible, it is difficult to determine which trace types 
are present due to the extensive amount of weathering. Thickness ranges from 0.5 to 20 ft (1.5 
to 6.1 m), but could be as great as 40 ft (12.1 m). Contacts are sharp to gradational.  
The structureless siltstone facies represents deposition from suspension. The coaly 
lamina and particles suggest slow deposition in an anoxic, stagnant-water setting, with 
occasional inflow of very fine-grained sediment. This could have occurred in abandoned- 
channel, oxbow-lake, or swamp environments. The presence of well-cemented siderite layers 
and nodules further suggests deposition in an anoxic environment. Likely depositional sites for 
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more sand-rich rocks were fluvial channels and crevasse channels. Lack of stratification in 
these rocks may be due to bioturbation or rapid deposition. Sandy siltstones tend to occur 
above and below sandstone bodies, which can indicate a transition between floodplain and 
channel deposits. 
     Coal (C) 
 The coal facies accounts for about 0.2% of the study interval (Figure 15, Table 1d). This 
facies is typically black to dark-gray and cleated. Minor amounts of silt and woody fragments are 
also present. Bioturbation is not obvious. Coal seam thicknesses range from 0.5 to 2 ft (0.15 to 
0.61m), and the top and bottom contacts are sharp.  
Peat was deposited by infall of organic matter, primarily in the absence of siliciclastic 
material. The presence of silty lamina and particles suggests that the depositional setting was 
occasionally inundated with muddy water. Deposition occurred in a stagnant, anoxic setting, 
probably in an abandoned channel, oxbow lake, or swamp setting. 
     Shell-bearing structureless sandstone (SSBS) 
The shell-bearing structureless sandstone facies accounts for about 0.1% of in the study 
interval (Figure 15, Table 1d). This facies is generally very fine to fine grained with subangular 
to subrounded, moderately sorted framework grains. The color of this facies is orangeish-
maroon to dark gray/black. The presence of siderite or hematite in cement likely adds an 
orangeish-reddish tint to the rock. This facies is typically quartz-rich, but also contains minor 
amounts of plagioclase and potassium feldspars, carbonaceous debris (coal and charcoal), 
siderite, hematite, and dolomite and calcite cement. In addition, this facies contains freshwater 
bivalve shells, gastropod shells and impressions, and shell fragments, which likely occur as a 
lag. The shell-bearing structureless sandstone facies displays cryptic bioturbation, but can also 
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contain siderite/hematite halos where roots may have once been. Because of the bioturbation, 
stratification is absent. Only one bed in the study interval has this facies, and it is 2 ft (0.61 m) 
thick with sharp top and bottom contacts.  
 The shell-bearing structureless sandstone facies is a result of deposition in a freshwater 
lacustrine environment, probably a small pond, sand was deposited so rapidly, structures did 
not have time to form. However, the presence of hematite and shells suggest that this 
sandstone was likely in an oxidizing environment, so it is more likely that cryptic bioturbation 
obliterated the primary stratification.  
FACIES ASSOCIATIONS AND ARCHITECTURAL ELEMENTS 
 To understand depositional environments and processes, it is critical to not only review 
the facies present, but to determine how they occur spatially in relation to other facies. When 
facies occur genetically with other facies, it is useful to combine them into facies associations, 
which have environmental significance (Collinson, 1969). Facies are grouped into facies 
associations based on lithology, sedimentary structures, degree of bioturbation, composition, 
gamma-ray signature, and any other eogenetic characteristics. Facies associations do not, 
however, take into account three-dimensional geometries. Architectural elements are similar to 
facies associations, but they are also defined based on sediment/rock-body geometry, 
dimensions, and the nature of contacts in addition to the criteria used to define facies 
associations. Facies associations can be defined based on core analysis.  However, based on 
one-dimensional cores, architectural elements are more difficult to establish because 
geometrical and dimensional information is limited. Because this is an outcrop-based study, 
dimensional and geometrical data are available for sandstone bodies. Therefore, architectural 
elements are emphasized, except for in the case of floodplain rocks, in which they will be 
referred to as a facies association due to lack of acquisition of geometrical data. 
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 Four architectural elements and one facies association were identified within the study 
interval (Table 2): single-story channel body (SC) (Figure 16), multi-story channel body (MC) 
(Figure 17), crevasse splay (CS) (Figure 18), lacustrine (LM) (Figure 19), and floodplain (FP) 
(Figure 20) (Figure 21). The term “channel body” (Gibling, 2006) is used to refer to any rock 
whose sediments were initially deposited within a channel, regardless of channel type. Types of 
channels within the study area include fluvial, tidally influenced fluvial, and crevasse. Lateral-
accretion deposits, such as point bars, are included in the single-story and multi-story channel- 
body architectural elements because they occur within channels. This differs from Miall’s (1985) 
architectural-element scheme, as he proposes a separate architectural element for lateral-
accretion deposits. He also proposes that sandy bedforms be a separate architectural element, 
which could occur as channel fills, crevasse splays, and minor bars. As Bridge (1993) points 
out, however, representing channel fills and crevasse splays as one element is not possible, as 
they occur by different depositional processes and possess different confinement criteria. 
Instead of using the term “sandy bedform” (Miall, 1985), the term “crevasse splay” (Miall, 1985; 
Gibling, 2006) will be used for sheet-like bodies that thin laterally and grade into floodplain fines. 
The lacustrine architectural element and the floodplain facies association are elaborated upon in 
subsequent sections.  
 Because gamma-ray data were collected for each measured section, it is also possible 
to utilize gamma-ray curve shapes to help identify architectural elements (Figure 22). In general, 
rocks with higher gamma-ray values are more clay- or silt-rich, and rocks with lower gamma-ray 
values are more sand-rich. When gamma-ray curves are viewed in conjunction with other 
curves (e.g. resistivity), general shapes may be ascertained (Rider, 1990). Bell-shaped gamma-
ray curves indicate grain size fining upward sequences, and are commonly found in fluvial point 
bars and tidal bars. Funnel-shaped gamma-ray curves are indicative of grain size coarsening 
upward, and are commonly associated with crevasse splays, splay deltas, river mouth bars, or 
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Figure 16. Photograph of sandstone-body W2SSB18 (from WCW02, sandstone-body 18), 
single-story channel body (SC). Note prominent high-angle cross-stratification transitioning 
upward into low-angle cross-stratification and sharp contacts. Measured section with total-count 
gamma-ray response below photograph. Legend for objects in measured section shown in 
Figure 5.  
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Figure 17. Photograph of sandstone-body W1SSB3 (from WCW03, sandstone-body 3), multi-
story channel body (MC). Note prominent uneven scour at base, variable sedimentary 
structures, scours within sandstone body, and flat upper contact. Measured section with total- 
count gamma-ray response below. Red tadpoles to left of measured section indicate 
paleocurrent direction (North is to the top of this page). Legend for objects in measured section 
shown in Figure 5.  
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Figure 18. Photograph of sandstone bodies 30 and 31 (see Figure 37A for location, between 
WCW01 and WCW05) crevasse splay (CS). Note prominent sharp contacts at tops and bases, 
with ripple cross-lamination visible in lowermost sandstone body. “Representative” measured 
section with total-count gamma-ray response below photo. Legend for objects in measured 
section shown in Figure 5. 
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Figure 19. Photograph of sandstone-body W2SSB17 (from WCW02, sandstone-body 17), 
lacustrine (LM). Note presence of shell fragments and oxidation of iron-rich minerals. Measured 
section with total-count gamma-ray response below. Legend for objects in measured section 
shown in Figure 5. 
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Figure 20. Photograph of (FP) floodplain facies association from WCW01 (332-337 ft). Note 
presence of dark-gray to black coaly organic debris near top and bottom of photo (fissile 
siltstone), siderite lens top left (diffuse orange object), and structureless mudstone between 
layers of fissile siltstone. Measured section with total-count gamma-ray response below 
photograph. Legend for objects in measured section shown in Figure 5. 
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Figure 21. Pie charts showing (A) the percentage of sandstone bodies by architectural element 
relative to the total number of sandstone bodies within the study interval and (B) percentages of 
architectural elements and the floodplain facies association based on foot
percentage of covered slope, relative to the total footage of measured sections.
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Figure 22. Four principal gamma-ray profiles (modified from Rider, 1990; Emery, 1996) with 
representative sedimentary interpretations (grain size increases to the left).  
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lacustrine deltas. Cylinder-shaped gamma-ray curves indicate aggradation with little grain size 
change, and can be indicative of braided fluvial or distributary-channel fills. Serrated gamma-ray 
curves indicate deposition in a fluvial floodplain environment. Amalgamated channel fills with 
muddy interbeds can also appear serrated; however, amalgamated channel fills will have lower 
gamma-ray values overall due to the abundance of sandstone versus the more siltstone-
dominated floodplain. Though gamma-ray curve shape can be helpful in identifying architectural 
elements in the subsurface, this is not a principle means to identify architectural elements in 
outcrop. 
     Single-story channel body (SC) 
 Single-story channel bodies (Table 2, Figure 16) are the most common sandstone-
dominated architectural element in the study interval, accounting for 23% of the population and 
5.6% of the combined study interval (Figure 21).  Facies associated with channel bodies 
include: asymmetric-ripple cross-laminated sandstone (SRA), low-angle cross-stratified 
sandstone (SLPL), trough cross-stratified sandstone (SLT), high-angle cross-stratified sandstone 
(SLPH), convoluted sandstone (SC), structureless sandstone (SS), and organic-rich laminated silty 
sandstone (SWL). Channel bodies are generally lenticular, but can be tabular, especially where 
terminations are in areas of cover. The scale of single-story channel bodies is highly variable 
(Table 3), with apparent widths ranging from 7 to 146 ft (2 to 45 m) and maximum thicknesses 
ranging from 0.3 to 11 ft (0.1 to 3.4 m). Mean values for apparent width and maximum thickness 
are 69 and 2.5 ft (21 to 0.8 m), respectively (Table 3; Figure 23). Contacts are also variable. 
Upper contacts are generally flat, sharp (erosional), uneven, but occasionally grade into 
organic-rich laminated silty sandstone (SWL). Basal contacts are generally sharp and concave 
up, but can also be irregular to uneven.  Basal contacts often contain woody debris, occasional 
Teredolites burrows, and can also be gradational into organic-rich laminated silty sandstone 
(SWL). Lateral contacts tend to pinch out but, can be abrupt. Internal characteristics of single- 
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Figure 23. Cross-plot showing apparent widths and maximum thicknesses for single-story 
channel-body, multi-story channel-body, and crevasse-splay. 
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Sandstone-Body Type N Minimum Mean Maximum Standard Deviation 
    (ft) (m) (ft) (m) (ft) (m) (ft) (m) 
Crevasse Splay 6                 
Maximum Thickness   0.3 0.1 0.7 0.2 2.7 0.8 0.3 0.1 
Apparent width   7 2 53 16 178 54 65 20 
Width:thickness ratio   26 57 103 28 
                    
Single-story Channel Body 14                 
Maximum Thickness   0.3 0.1 2.5 0.8 11.0 3.4 0.8 0.2 
Apparent width   7 2 69 21 146 45 43 13 
Width:thickness ratio   9 33 79 20 
                    
Multi-story Channel Body 23                 
Maximum Thickness   0.7 0.2 6.8 2.1 25.5 7.8 2.5 0.8 
Apparent width   40 12 319 97 1149 350 297 91 
Width:thickness ratio   10 48 118 29 
                    
Total Population 43                 
Thickness   0.3 0.1 7.1 2.2 25.5 7.8 7.0 2.1 
Apparent width   7 2 201 61 1149 350 253 77 
Width:thickness ratio   9 44 118 27 
 
 
Table 3. Statistical data for channel-body and crevasse-splay architectural elements within the 
study area. 
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story channel bodies rarely include concave-up or planar scours and varying amounts of 
bioturbation, but commonly display lateral-accretion surfaces, which are indicative of point-bar 
or channel-bar deposits. Ripples are commonly found near the top of channel bodies. Gamma-
ray profiles are highly variable as well, and can fine upward (bell shape), coarsen upward 
(funnel shape), be blocky (cylinder shape), or highly variable (serrated) (Figure 22).  
     Multi-story channel body (MC) 
 Multi-story channel bodies are similar to single-story channel bodies in that they share 
associated facies and gross geometries (Table 2; Figure 17). Multi-story channel bodies 
account for approximately 26% of the population and 38.7% of the combined study interval 
(Figure 21). Multi-story channel fills are typically lenticular with erosional concave-up bases, but 
can also be tabular in shape, with little variation in thickness across the outcrop. This 
architectural element may have flat or curved basal scour surfaces, contain internal scouring 
and filling, and larger channels typically have complex fills. Channel bodies are often 
interbedded with the organic-rich laminated silty sandstone (SWL) facies (Figures 24 and 25). 
The scale of multi-story channel bodies is highly variable (Table 3), with apparent widths 
ranging from 40 to 1,149 ft (12 to 350 m) and maximum thicknesses ranging from 0.7 to 25.5 ft 
(0.2 to 7.8 m). Mean values of apparent width and maximum thickness are 319 and 6.8 ft (97 to 
2.1 m) respectively (Table 3). Because Teredolites are also present within the organic-rich 
laminated silty sandstone facies, it is further implied that some of the multi-story channel bodies 
could have been tidally influenced. Multi-story channel bodies differ from single-story channel 
bodies most significantly due to the presence of multiple internal scours and contain more 
complex fills. Several of the larger multi-story channel bodies contain more sandstone-rich 
intervals interbedded with floodplain or organic-rich laminated silty sandstone, thus indicating 
stacking of multiple channel bodies (Figure 24). Gamma-ray profiles for multi-story channel 
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Figure 24. Photo of lowermost portion of sandstone-body W1SSB5 (90 ft to 100 ft) showing 
scours, with interbedded rippled sandstone (SRA), trough cross-stratified sandstone (SLT) (in red 
text) and organic-rich laminated sandstone (SWL) (in yellow text). Legend for objects in 
measured section shown in Figure 5. 
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Figure 25. Photograph showing organic-rich laminated silty sandstone (SWL). Red arrows 
indicate small-scale Teredolites burrows or some other type of bioturbation.  
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bodies are similar to those seen in single-story channel bodies, occurring as bell-, funnel-, or 
cylinder-shaped.  
     Crevasse splay (CS) 
Crevasse splays are the second most common sandstone-dominated architectural 
element, accounting for 28% of the population and 2.3% of the combined study interval (Table 
2; Figures 19 and 21).  Facies associated with crevasse splays include: rippled sandstone (SRA), 
low-angle cross-stratified sandstone (SLPL), high-angle cross-stratified sandstone (SLPH), 
structureless sandstone (SS), and organic-rich laminated silty sandstone (SWL). Crevasse splays 
are generally tabular, with apparent widths ranging from 7.4 to 67.5 ft (2.3 to 20.6 m) and 
maximum thicknesses ranging from 0.3 to 4 ft (0.1 to 1.2 m). Mean values of apparent width and 
maximum thickness are 30.6 and 1.1 ft (9.3 to 0.3 m) respectively (Table 3, Figure 23). Upper 
contacts are flat and sharp to gradational. Basal contacts are generally sharp (erosional) and 
flat, but can be uneven or irregular. Lateral contacts mostly pinch out, but occasionally appear 
abrupt. Internally, crevasse splays are dominated by ripples, but can also contain cryptically 
bioturbated (structureless) sandstone. In a few instances, lateral-accretion surfaces which are 
expressed as variable high- and low-angle cross-stratification are present. There is little 
variation in facies laterally; however, vertical variability can be present. Crevasse-splay deposits 
are consistently overlain, underlain, and surrounded by fissile siltstone (MF) and/or structureless 
siltstone (FS). Gamma-ray profiles can show a decrease in radioactivity upward for crevasse 
splays (funnel-shaped), but can also appear blocky or serrated.   
     Lacustrine (LM) 
 Lacustrine architectural elements are rare, comprising 1% of sandstone-dominated 
architectural elements and only 0.3% of architectural elements within the total study interval 
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(Table 2, Figures 19 and 21). Only one example was noted near the top of measured section 
WCW02 (Figures 26 and 27).  This architectural element consists entirely of the shell-bearing 
structureless sandstone (SSBS) facies. Its outcrop is tabular, with sharp, uneven top and basal 
contacts. The sandstone body observed was eroded on the sides so the original geometry is 
unknown. The thickness of this architectural element is 2 ft (0.6 m), and internally it consists of 
cryptically bioturbated structureless sandstone, with abundant mollusk fossils, woody fragments 
and coaly particles, abundant hematite staining, and siderite concretions. There is little variation 
laterally and vertically, and it is surrounded by floodplain mudrock, specifically structureless 
sandy siltstone (above) and structureless siltstone (below).  The gamma-ray profile decreases 
upward slightly (Figure 19). 
     Floodplain (FP) 
 As stated previously, the floodplain facies association lacks geometrical data, so is not 
considered an architectural element (Table 2, Figure 20). This facies association contains little 
sand, but accounts for over 46% of the study interval when calculated on a footage basis 
(Figure 21B). The floodplain association consists of fissile siltstone (MF), structureless siltstone 
(FS), and coal (C). It is laterally continuous within the study area, and can exceed 20 ft (6.1 m) in 
thickness. Where coal is present, contacts are generally sharp, and where coals are absent, 
contacts may be sharp or gradational into silty sandstone or sandy siltstone. The coal and fissile 
siltstone facies do not contain bioturbation, whereas the structureless siltstone facies can 
contain bioturbation, convoluted bedding, plus root traces. Lateral and vertical variations exist 
within this facies association as expressed by color changes and changes in fissility. Dark-gray 
to black siltstones may grade into maroon or brown siltstone, due to changes in organic-matter 
content. In a few cases, light-gray structureless siltstone contained veins of fracture-filling 
gypsum about 1 in (2.5 cm) thick. These fractures are mostly horizontal; however, a few inclined 
fractures were also observed. Fractures likely resulted from weathering, with precipitation of 
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Figure 26. Partial measured section WCW02 illustrating vertical successions of single-story and 
multi-story channel body, crevasse-splay and lacustrine architectural elements with the 
floodplain facies associations. See Figure 5 for legend. 
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Figure 27. Photographs of gastropod fossils and shell fragments within a lacustrine sandstone 
body.  
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gypsum occurring as meteoric waters circulated within fractures. In some siltstone cavities, 
fractures were only partially filled, with euhedral and/or twinned gypsum crystals clearly visible 
and growing perpendicular to the surface of siltstone fracture planes. 
     Discussion 
The interpretation of facies, facies associations, and architectural elements is necessary 
when determining depositional environments for rocks in outcrop and the subsurface. 
Interpretation, distribution, and geometric evaluation of these parameters are critical processes 
when attempting to quantify potential reservoir volume and architectural-element distribution in 
the subsurface. Taking all facies, facies associations, and architectural elements from this study 
into account, the interpreted environment of deposition for the study interval is lower coastal 
plain, which consists of floodplain, swamp, anastomosing to meandering fluvial channel, tidally 
influenced fluvial channels, and floodplain lake subenvironments (Figure 28).  
Single-story and multi-story channel fills commonly display flat or curved scour surfaces 
and contain internal scouring and filling, and larger multi-story channels typically have complex 
fills (Masters, 1967; Miall, 1985, 1988). According to Bridge (2006), channel-bar deposits can 
fine upward or show little vertical grain size variation. Because channels are stacked vertically 
and laterally, and also because many of the rocks within these sandstone bodies contain lateral-
accretion surfaces, it is likely that multi-story channel fills were deposited by meandering-fluvial 
rivers (Figure 28). Some single-story channel bodies contain lateral-accretion surfaces, but have 
infrequent internal scour surfaces; however, most single-story channel bodies within the study 
interval lack lateral-accretion surfaces as well as scours. Due to lack of lateral-accretion 
surfaces, the interpreted depositional environment for these single-story channel-body types is 
an anastomosing-channel setting (Figure 28). Both single-story and multi-story channel bodies 
are sandstone-dominated, sharp-based intervals interbedded with facies organic-rich laminated 
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Figure 28. Diagram of idealized environments of deposition in a lower coastal-plain to open-
marine setting (modified from Lorenz et al., 1991). Study interval is located within representative 
depositional environments outlined by red box.  
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silty sandstone (SWL) (Figure 25). The association of channel bodies with organic-rich laminated 
silty sandstone, coupled with the presence of mud drapes on foresets and lateral accretion 
surfaces, indicates tidal influence. 
Crevasse splays are typically tabular or lenticular with erosional bases and tops, and can 
grade into floodplain siltstone (Miall, 1985). According to Gibling (2006), crevasse splays can 
also contain evidence of subaqueous dune migration, such as high- and/or low-angle cross-
stratification. The coarsening upward log signature of crevasse splay intervals is created by 
progradation of sediments on to the floodplain or into a floodplain lake (Figure 28). Crevasse-
splay deposits are typically found within floodplain siltstones and proximal to crevasse-channel, 
fluvial-channel, and floodplain-lake deposits. One such architectural element occurs proximal to 
the singular lacustrine deposit within the study area, and these two sandstone bodies are 
separated vertically by 3 ft (0.91 m) of floodplain siltstone (Figure 26). 
The depositional setting interpretation for the lacustrine architectural element (Figure 28) 
is based on the presence of freshwater mollusk shells and shell fragments (gastropod, 
pelecypod) (Figure 27). Floodplain lakes commonly contain bivalves and gastropods, and so 
long as they are oxygenated, can also contain vegetation (Bridge, 2006). There is evidence of 
both within this architectural element (Figure 19). Because this deposit is very fine grained to 
fine grained and coarsens upward slightly, it may have been progradational. 
Flood basins are areas that collect the finest sediments, but can also collect some small 
sheets or lenses of sand (Bridge, 2006). According to Masters (1967), the floodplain facies 
association (Figure 28) is located within interchannel environments and is typically structureless. 
This is observed within the study area, but there are also areas of fissile, organic-rich siltstone. 
Miall (1992) points out that floodplains are highly variable. The presence of coal may suggest a 
humid, tropical environment, though the swamp would have to be restricted so influxes of 
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siliciclastic sediment were rare. When sediment occasionally invades areas of accumulating 
peat, the result can be fissile organic-rich siltstone.  Evaporites can be present in floodplain 
environments (Miall, 1988), but the evidence suggests a sub-tropical environment instead of 
arid. Thus, it is likely that the gypsum within the study area formed as a result of oxidation of 
disseminated pyrite.  
GAMMA-RAY PROFILES OF FACIES AND ARCHITECTURAL ELEMENTS 
Well-log data, including gamma-ray, density, and neutron, are commonly used to make 
interpretations on depositional environments. It is common practice to use gamma-ray logs to 
determine lithology in the subsurface, with finer grained sedimentary rocks generally displaying 
higher gamma-ray values and coarser strata having lower gamma-ray values. Variations in 
mineralogy will affect log profiles, thus it is critical that well-log data be calibrated to facies and 
facies associations in nearby cores if possible. While core data are lacking, gamma-ray values 
have been calibrated with petrography of outcrop rock. Outcrop gamma-ray data are also 
useful, particularly because lithologies, dimensions, geometries, stacking patterns, and vertical 
and lateral variations can be tied to the log. Once rocks are exhumed, they are prone to surface 
weathering processes and erosion. Mineralogy, porosity, and permeability can change with 
circulation of shallow ground water, which can result in precipitation of some minerals and 
dissolution of others. Thus, workers must use caution when comparing outcrop data to 
subsurface core and well-log data. Core is not available near the study area, and well-log data 
are limited, but a wealth of outcrop data was obtained during the course of this research. 
Therefore, this study focuses on outcrop gamma-ray data and outcrop observations. 
Total-count-gamma-ray measurement detects natural radioactivity of thorium (232Th), 
potassium (40K), and uranium (235U, 238U) (Rider, 1990). In addition to terrestrial sources, 
radiation can also be received from extraterrestrial sources. Because petroleum service 
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companies use different instruments and methods to collect gamma-ray data, they normalize 
their data to API units. The units included in this study are not normalized to API standards. In 
addition to total-count gamma-ray data, some spectral gamma-ray data are also documented 
herein. Spectral gamma-ray data include a data in parts per million (ppm) and counts per minute 
(cpm) for each of these radio-elements. Unless noted that the gamma-ray in question is 
spectral, the term “gamma-ray data” will refer to total-count gamma-ray in the following 
narrative. 
An RS-125 Super-Spec Portable Radiation Detector, or scintillometer, was used in this 
study. Readings were acquired every 1 ft (0.3 m) along the measured sections where rock 
outcropped, or could be reached by shallow digging. Where rock was covered deeply, generally 
in siltstone slopes, measurements were either not acquired, or acquired at 2.5 ft (0.8 m) 
intervals. At each interval, the scintillometer was held flush against rock and 10 measurements 
(one measurement per second) were recorded. The 10 measurements for each location were 
averaged to determine a mean gamma-ray value in counts per second (cps). The foot-by-foot 
data were then plotted beside the measured sections (Figure 4). This method was used on all 
measured sections except WCW02, where a Scintrex GIS-5 Gamma-Ray Spectrometer was 
used. This scintillometer was also held in place for 10 seconds, and the average gamma-ray 
value recorded. To compare the measurements from the two scintillometers, gamma-ray data 
were acquired with each instrument on the same samples, and cross-plotted to determine the 
relationship between the data (Figure 29). There is a strong positive correlation (R2=0.98), thus 
the line of regression formula was used to convert the gamma-ray data for the WCW02 section 
to data comparable to the rest of the dataset. After compilation, each gamma-ray measurement 
was assigned a grain size, facies, and architectural-element association so graphs could be 
created comparing different characteristics. 
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Figure 29. Scintillometer comparison of total-count gamma-ray data from RS-125 Super-Spec 
Portable Radiation Detector and Scintrex GIS-5 Gamma-Ray Spectrometer.  
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     Facies 
Little research has been conducted in the past on comparing field-based studies of 
facies with gamma-ray response. Previous studies have focused on comparison of gamma-ray 
response with facies successions, facies associations, and architectural elements, and 
especially the evaluation of stacking patterns of lithologically variable rock (Collins et al., 2006; 
Hampson et al., 2005). Gamma-ray variations by facies were evaluated to determine if unique 
ranges by facies exist (Figure 30). This assessment showed that the more sandstone-rich facies 
displayed in the lower gamma-ray ranges, and finer-grained siltstones had higher gamma-ray 
ranges. Cleaner (less silty or clayey) sandstones (i.e. structureless sandstone) also tended to 
have narrow gamma-ray ranges, whereas sandstones with organic-rich silty drapes had greater 
variability (i.e. asymmetric-ripple cross-laminated sandstone). Statistical summary of these data, 
including minimum, maximum, mean, and standard deviation, are shown in Figure 31. In 
addition, Figure 31 shows overlap of gamma-ray ranges between sandstones and siltstones. To 
constrain the data ranges for each facies, anomalous values (below 200 cps in siltstones and 
above 200 cps in sandstones) were investigated to determine the cause of anomalously high or 
low values. In most cases, the causes were not possible to determine. Thus, anomalous values 
were not excluded from the data set. This suggests that gamma-data alone do not appear to be 
a viable method for interpreting facies from well-log data. It probably only reflects the siltstone 
vs. sandstone composition, where the sandstone is relatively quartzose. 
     Architectural elements 
  Gross sedimentologic relationships were defined for the single-story, multi-story, and 
crevasse-splay architectural elements and the floodplain facies association (Figure 32). 
Measured section WCW05 (480 ft [146.3 m]) was completed prior to commencement of the 
present study (Figure 33). In this section, spectral gamma-ray data were collected with a RS- 
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Figure 30. Gamma-ray data per facies (in cps) histograms. Histograms show the frequency of 
occurrence within bin intervals (5 cps) for each facies. Vertical axes are for the frequency. 
Horizontal axes are in counts per second (cps). N = number of measurements.  
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Figure 31. Box plots showing ranges (minimum to maximum values), mean (center line), and 
standard deviation (box) of total-count gamma-ray values (cps) for each facies. Note groupings 
of sandstone- versus siltstone-dominated facies. The same data are displayed in the histograms 
shown in Figure 30. 
 
 
 
 
 
 
 
77 
 
 
 
Figure 32. Histogram showing frequency of occurrence (bin intervals = 5 cps) by architectural 
element and facies association for gamma-ray data from the study interval.  
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Figure 33. Correlated measured sections including Anadarko Petroleum Co. section (WCW05). 
Architectural elements/facies associations are indicated by color to the right of each measured 
section (see key for description of color code). Sandstone-body codes are listed to the left of 
N S 
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each sandstone body (sandstone bodies in Table 4 are labeled “ssb #”; all other sandstone 
bodies are labeled “W#ssb#”, where the first # represents the measured section and the last # 
represents the number of the sandstone body). Sandstone bodies with dual naming conventions 
were included in a measured section and apparent-width measurements were obtained as well. 
Relative locations of measured sections are shown on Figure 3. Color-coded dots correspond to 
each measured section, and distances between measured sections are noted at the bottom of 
the figure. 
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125 Super-Spec Portable Radiation detector at 1 ft (0.3 m) intervals, or every 2.5 ft (0.8 m), 
where slope cover was significant. Gamma-ray data from WCW05 are included in Figure 32, 
excluding Gilbert splay and splay delta architectural elements, which were excluded because 
they were not confirmed by this study.  
Sandstone-dominated architectural elements (channel bodies and crevasse splays) 
generally have lower gamma-ray total count values, whereas the floodplain facies association 
generally have higher gamma-ray values. However, there is overlap of values between the 
architectural elements and facies association similar to what was observed in gamma-ray-facies 
comparisons (Figure 31). This could lead to incorrect log interpretations in the absence of core 
or outcrop calibrations. More robust datasets that contain more closely-spaced data points 
assist in creating a more accurate interpretation (Hampson et al., 2005).  
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CHAPTER THREE 
STRATIGRAPHIC VARIABILITY AND COMPARISON TO COAL CANYON 
Fluvial sandstones are important reservoirs for oil, gas, and water, and are often located 
within important oil- and gas-provinces around the world (Bridge and Tye, 2000). One of the 
most challenging aspects of reservoir characterization and development of fluvial systems is 
variability, from the reservoir-scale architecture to microscopic porosity and permeability. The 
present study explores the nature of these heterogeneities at a variety of scales. At an outcrop 
scale, sandstone-body dimensional data have been obtained and analyzed in order to quantify 
reservoir-element geometries and statistics. Thin sections for each facies were created to 
examine rocks on a microscopic scale to determine if petrographic variability exists. Outcrop-
scale correlation of measured sections and proximal wells was completed to understand 
stratigraphic variability and stratigraphic positions of potential sequence boundaries. 
Comparison of the findings from this research and previous research completed in Coal Canyon 
(Figure 1) allows examination of the lower Williams Fork Formation rocks at a reservoir scale. 
The following examinations and findings may be applied to subsurface research and modeling 
efforts.  
STRATIGRAPHIC VARIABILITY  
 Correlation of the measured sections was necessary in order to build a framework by 
which variability can be observed (Figure 33). Direct correlation of the WCW05 and WCW01 
measured sections was possible, because several laterally-correlatable sandstones occurred in 
each section. These sandstones were walked out, so correlation is certain. Because the other 
measured sections occur across deep arroyos, alternate methods of correlation were utilized. 
One prominent scour surface at the base of amalgamated multi-story sandstone body 
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(W1SSB10/ssb8) was documented in measured sections WCW01 and WCW02 (Figure 33). 
This sandstone body contains large Teredolites burrows (Figure 34), organic debris, and 
carbonized imprints at its base. This surface was used to correlate WCW02 to WCW01 and 
WCW05, but additional methodologies (photomosaics and calculated dip measurements) were 
used to check the validity of this correlation. Strike and dip were obtained from outcrops at 
different locations. Dip was also calculated by triangulation of the top and base of WCW01 and 
the base of WCW05. Utilizing this general dip angle (~3°) and the distance between WCW01 
and WCW02, the relative location of WCW02 was determined. The same method was used to 
calculate the location of WCW03 relative to WCW05. Dip measurements taken in Mail Box Draw 
suggest an apparent dip of approximately 5° to the n orthwest. This dip angle, along with 
distance between WCW02 and WCW04, were used to determine the stratal position of WCW04 
to the rest of the measured sections. In addition, photo pans were reviewed to correlate 
individual, laterally-continuous sandstone bodies as far as possible, then (where possible) 
sandstone bodies were projected across areas where sandstone bodies do not exist, possibly 
due to erosion. Using dip-angle projections and photo pans, the relative positions of the 
measured sections appear to be in agreement. This correlation also allowed for the construction 
of a composite measured section (Figure 6).  
     Sandstone-body measurements 
 Forty-three sandstone bodies were “walked out” (mapped) and measured in the field 
area, 37 of which were measured proximal to the WCW01 and WCW05 measured sections, and 
eight were measured near the WCW03 measured section (Figures 3 and 33). Apparent-width 
values represent the linear distance between the two termination points, and do not take 
curvature of the outcrop into account. Termination points were acquired by utilizing a Trimble® 
Geo Explorer® (2008) Geo XH global positioning system (GPS) with a horizontal accuracy of 0.3 
to 0.4 m (1 to 1.3 ft). Elevation measurements were defined by correlation to adjacent measured 
83 
 
 
 
 
 
 
Figure 34. Teredolites burrows at base of laterally continuous sandstone bodies A) 
W1SSB10/ssb8 near measured section WCW01 and B) W2SSB7 near measured section 
WVW02 (Figure 33). 
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sections. Mapping data were differentially corrected using GPS Pathfinder® software. It should 
be noted that apparent-width values defined in the field are a semi-quantitative proxy for 
sandstone-body size at time of deposition; however, orientation of each sandstone body relative 
to present-day exposure affects the interpretations (Cole and Cumella, 2005, Pranter et al., 
2009). Using the GPS Pathfinder® software, distances between sandstone-body terminations 
were calculated, thus determining apparent width (Table 4). The results show minimum 
apparent-width value to be 7 ft (2.3 m), the maximum apparent-width value is 1149 ft (350.3 m), 
and the mean apparent width value is 201 ft (61.2 m). Thickness measurements were acquired 
using a Jacob staff or tape measure, and were recorded near terminations and at regular 
intervals along each sandstone body. Intervals varied from 7 to 240 ft (2.1 to 73.2 m) depending 
on the estimated apparent width of the sandstone body (i.e. sandstone bodies with larger 
apparent widths generally have greater intervals between thickness measurements). The 
thickest part of the sandstone body was measured to obtain maximum thickness, and all 
thickness measurements (N=127) were averaged to derive the mean thickness values (Tables 3 
and 4).  Minimum thickness for the dataset is 0.3 ft (0.1 m), the maximum thickness is 25.5 ft 
(7.8 m), and the mean is 6.0 ft (1.8 m). 
In addition to sandstone-body dimensional data, photos were acquired during outcrop 
mapping to precisely locate sandstone-body endpoints on photomosaics (Figure 35). Where 
amalgamated channels exceeded measureable thicknesses, a total thickness value was 
obtained in the field and later thicknesses of individual sandstone bodies were calculated using 
Microsoft PowerPoint (example shown in Figure 36). The total thickness value (shown in red) of 
53.5 ft (16.3 m) was measured in MS PowerPoint by inserting a line segment from the top of 
SSB5 to the base of SSB3. The length of the line segment was then equated to the actual 
thickness, and a ratio was identified. Individual sandstone-body thicknesses were then 
estimated by inserting line segments per sandstone body (in light blue) and applying the ratio to 
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Sandstone 
Body 
Apparent 
Width,  
in ft (m) 
N 
Minimum 
Thickness,  
in ft (m) 
 Maximum 
Thickness,  
in ft (m) 
 Mean 
Thickness,  
in ft (m) 
 Standard 
Deviation,  
in ft (m) 
W/T 
Ratio 
ssb1 52 16 4 0.6 0.2  4.7 1.4  1.8 0.5  1.9 0.6 29.1 
ssb2 34 10 3 0.3 0.1  0.8 0.2  0.6 0.2  0.2 0.1 61.8 
ssb3 746 227 7 1.0 0.3  15.1 4.6  6.3 1.9  5.2 1.6 117.5 
ssb4 640 195 6 5.0 1.5  22.3 6.8  14.6 4.5  6.7 2.0 43.7 
ssb5 172 53 5 1.5 0.5  22.2 6.8  10.5 3.2  9.3 2.8 16.5 
ssb6/8 719 219 3 10.2 3.1  13.7 4.2  12.4 3.8  1.9 0.6 58.0 
ssb8 1149 350 5 9.4 2.9  25.5 7.8  18.4 5.6  7.1 2.2 62.5 
ssb9 92 28 3 1.7 0.5  2.0 0.6  1.8 0.5  0.2 0.1 52.0 
ssb10 369 112 6 5.0 1.5  22.0 6.7  11.3 3.4  5.9 1.8 32.7 
ssb11 247 75 4 3.4 1.0  15.0 4.6  8.9 2.7  5.5 1.7 27.8 
ssb12 178 54 4 1.0 0.3  2.7 0.8  1.7 0.5  0.8 0.2 103.2 
ssb13 56 17 2 3.2 1.0  7.2 2.2  5.2 1.6  2.8 0.9 10.9 
ssb14 92 28 3 1.3 0.4  2.0 0.6  1.7 0.5  0.4 0.1 53.7 
ssb15 246 75 3 0.8 0.3  6.5 2.0  3.9 1.2  2.9 0.9 63.7 
ssb16 185 56 3 3.9 1.2  7.6 2.3  5.6 1.7  1.9 0.6 33.2 
ssb17 173 53 3 2.6 0.8  9.3 2.8  5.3 1.6  3.6 1.1 32.7 
ssb18 79 24 2 3.8 1.1  5.7 1.7  4.7 1.4  1.4 0.4 16.9 
ssb19 165 50 2 1.3 0.4  2.8 0.8  2.0 0.6  1.1 0.3 82.6 
ssb20 146 44 1 3.0 0.9  3.0 0.9  3.0 0.9  na na 48.6 
ssb21 7 2 1 0.8 0.2  0.8 0.2  0.8 0.2  na na 9.9 
ssb24 68 21 2 0.7 0.2  1.3 0.4  1.0 0.3  0.5 0.1 67.5 
ssb25 20 6 1 1.3 0.4  1.3 0.4  1.3 0.4  na na 15.6 
ssb26 347 106 4 1.2 0.4  4.6 1.4  3.0 0.9  1.5 0.5 114.2 
ssb27 120 36 3 1.3 0.4  6.8 2.1  4.2 1.3  2.8 0.9 28.7 
ssb28 44 13 2 0.3 0.1  3.4 1.0  1.9 0.6  2.2 0.7 23.3 
ssb29 9 3 1 0.3 0.1  0.3 0.1  0.3 0.1  na na 26.0 
ssb30 22 7 1 0.4 0.1  0.4 0.1  0.4 0.1  na na 53.6 
ssb31 7 2 1 0.3 0.1  0.3 0.1  0.3 0.1  na na 29.7 
ssb32 102 31 3 1.0 0.3  5.8 1.8  3.7 1.1  2.5 0.8 27.7 
ssb33 148 45 4 1.1 0.3  16.0 4.9  6.9 2.1  6.4 1.9 21.3 
ssb34 263 80 3 4.3 1.3  5.3 1.6  4.8 1.5  0.5 0.2 55.0 
ssb35 66 20 3 0.4 0.1  2.8 0.8  1.2 0.4  1.3 0.4 53.6 
ssb36 136 41 2 0.8 0.2  2.7 0.8  1.7 0.5  1.4 0.4 79.5 
ssb37 864 263 4 5.2 1.6  20.0 6.1  11.4 3.5  6.2 1.9 75.9 
ssb38 56 17 1 3.0 0.9  3.0 0.9  3.0 0.9  na na 18.7 
ssb3-1 40 12 3 2.9 0.9  5.3 1.6  3.9 1.2  1.2 0.4 10.1 
ssb3-2 127 39 1 3.0 0.9  3.0 0.9  3.0 0.9  na na 42.4 
ssb3-3 74 22 3 5.3 1.6  11.0 3.4  7.9 2.4  2.9 0.9 9.3 
ssb3-4 274 83 6 1.6 0.5  9.4 2.9  5.6 1.7  2.7 0.8 48.8 
ssb3-5 39 12 2 0.8 0.3  1.9 0.6  1.4 0.4  0.8 0.2 28.4 
ssb3-6 55 17 1 1.0 0.3  1.0 0.3  1.0 0.3  na na 54.8 
ssb3-7 35 11 1 1.0 0.3  1.0 0.3  1.0 0.3  na na 35.0 
ssb3-8 169 52 2 0.7 0.2  10.0 3.0  5.3 1.6  6.6 2.0 31.8 
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Table 4. Sandstone-body (SSB) dimensions including apparent width, N (number of thickness 
measurements) minimum thickness, maximum thickness, mean thickness, standard deviation of 
thickness, and width/thickness ratio. All units (except for width/thickness ratio) are in feet, with 
metric units in parenthesis (i.e. ft (m)). 
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~ 450 ft (137 m) 
~ 250 ft (76 m) 
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Figure 35. Photomosaics of sandstone bodies near to WCW01 and WCW05 (Photo A) and 
WCW03 (Photo B). Green sandstone bodies are interpreted to be single-story channel bodies, 
yellow sandstone bodies are interpreted to be multi-story channel bodies, and orange 
sandstone bodies are interpreted to be crevasse splays. The purple sandstone body on 
WCW05 is interpreted to be a splay delta (architectural element not included in this research). 
The red-dashed line and white-dashed line in photo A correspond to the potential sequence 
boundary and potential correlatable surface shown in Figure 33. Numbers correspond to values 
in Table 4. Red arrows indicate mean paleocurrent direction for each sandstone body. Note - 
some sandstone bodies shown were not measured for apparent width. 
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Figure 36. Close-up view of sandstone-bodies 3, 4, and 5 (far right in Figure 35A) and their 
amalgamated characters. Red line indicates actual total thickness of 53.5 ft (16.3 m), and light- 
blue lines indicate calculated thicknesses. Note internal scours (outlined in black) and 
heterogeneous nature of sandstone bodies.  
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estimate actual thicknesses. GPS points were also plotted in ArcGIS™ on aerial orthophotos of 
Rio Blanco County (3.3 ft, 1 m resolution, NAIP 2009) to aid visualization of sandstone bodies 
(Figure 37), as photomosaics were taken obliquely to the outcrops. Table 3 is a summary of 
apparent-width and thickness data by architectural element. Table 4 lists more detailed data for 
each sandstone body.  
     Stratigraphy and architecture 
The majority of the study area is within the coal-bearing Mesaverde Group (Kmvc), but 
the uppermost 25-50 ft (7.62-15.24 m) may lie within the lowermost upper Mesaverde Group 
(Kmvu). No obvious marker indicates the transition from Kmvc to Kmvu. Correspondingly, the 
upper contact is assigned based on observed thicknesses of the Mesaverde Group in nearby 
wells (Figure 6). As previously mentioned, the base of the study interval is possibly defined by a 
radioactive ash layer approximately 250 ft (76 m) below the study interval (Figure 6).  
Despite the study interval being mostly in the main coal-bearing unit of the Mesaverde 
Group (Kmvc), only two coals were observed. They are about 40 and 65 ft (12.2 and 19.8 m) 
above the base of the composite section, and range in thickness from 1.5 to 2.0 ft (0.5 to 0.6 m). 
Both coals are underlain by structureless siltstone, and are overlain by sandstone or silty 
sandstone. The main coal-bearing unit of the Mesaverde Group is equivalent to the Cameo-
Wheeler coal zone in the Piceance Basin. According to Tyler and McMurry (1995), coal beds 
within the center and near the southeastern margin of the Piceance Basin are much more 
laterally continuous and have greater thicknesses (up to 35 ft [11 m]) (Collins, 1976), and coal 
beds thin and become less continuous to the west and up dip of the epeiric seaway 
paleoshoreline, with the limit of coal formation being controlled by the coastal-plain to alluvial-
plain transition. Because coals are limited to the lowermost study interval, it is likely that they 
record the transition from coastal-plain deposition to alluvial-plain deposition through time, and 
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Figure 37. Aerial orthophotos (1 m resolution, NAIP 2009) showing locations and extent of 
sandstone bodies near A) WCW01 and B) WCW03. Multi-colored objects show sandstone-body 
termination points. Red lines indicate measured section trace. Dimensional data are included in 
Table 4.  
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the presence of erosional-tops and overlying sandstones in the coals suggest that channels 
scoured into and migrated over the coals, possibly by avulsion of a larger stream (Cole and 
Cumella, 2005).  
General trends in sandstone-body thickness, lateral continuity, and geometry in the 
study area are present, but poorly defined. Sandstone bodies tend to become more 
amalgamated upward until a potential sequence boundary at approximately 290 ft (88.3 m) 
(Figure 35). The largest, most laterally continuous sandstone bodies are in the middle portion of 
the study interval (Figures 31, 35, and 36), and are thickest above and below the potential 
sequence boundary. A zone of low net-to-gross lies above the potential sequence boundary, 
which separates the potential sequence boundary from another higher net-to-gross 
amalgamated zone that marks another potential correlatable/sequence boundary. This trend is 
not present in all of the measured sections, but is more obvious when photomosaics are viewed 
(Figure 38).  
Upon review of photo pans, it was determined that connectivity of sandstone bodies is 
relatively low within the study area. Some of the larger sandstone bodies, which are all channel-
body architectural elements, appear to be laterally continuous (apparent widths > 1000 ft (305 
m); however, due to erosion, it is difficult to determine the actual continuity. When terminations 
of sandstone bodies were questionable or unknown, the data for these more laterally-extensive 
sandstone bodies were not included in this study.  
     Architectural elements and paleoflow 
Sediment transport direction within the study area varies from 80 to 105° based on 172 
paleocurrent measurements from the measured sections (N=113; Figure 39) and the measured 
sandstone bodies (N=59) that are located near measured sections WCW01 and WCW05. 
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Figure 38. Photomosaic of outcrop with overlay of measured section WCW02. Dashed red line 
is the potential sequence boundary location and dashed white line is potential correlatable 
surface. Note lower net-to-gross interval at the base of the section becoming more sandstone-
rich upward at the potential sequence boundary, the overlying interval of low net-to-gross, then 
another interval of higher net-to-gross at the potential correlatable surface. Above this 
sandstone body, the net-to-gross decreases once more. 
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Figure 39. Paleocurrent summaries for each measured section. Vector mean is indicated by red 
line, with the circular standard deviation shown in red along outside of diagram. 
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Paleocurrent measurements were acquired from ripple cross-stratification (N = 141), trough 
cross-stratification (taken on trough axes, N = 22), and moderate- to large-scale foresets (N = 
9). The general paleocurrent trend is expected because sediment derived from the Sevier 
Highlands to the west was likely being transported in this direction to the Cretaceous seaway to 
the east (Johnson and Finn, 1986; Johnson, 1989; Hettinger and Kirschbaum, 2002). 
Paleocurrent data were also analyzed based on sedimentary structures as summarized in 
Figure 40, and by architectural element as summarized in Figure 41. The vast majority of 
paleocurrent measurements were collected from ripple cross-stratification within multi-story 
channel bodies, as this was the most prolific facies and architectural element in the study area. 
General paleocurrent trends were also identified by sandstone body in efforts to determine 
paleoflow and meander directionality for sandstone bodies occurring at the same stratigraphic 
elevation.  
The typical method of paleocurrent analysis has been to take several measurements 
and imply that the mean flow direction is the actual paleoflow direction (Rubin, 1987). Trough 
cross-stratification measurements (N=22) displayed a polymodal distribution, with a vector 
mean of 113° (Figure 40). This polymodal distribution , paired with previous facies observations, 
suggests that channels within the study area were either anastomosing or meandering, with the 
majority of measurements trending northeast and southeast (Figure 41). Ripple cross-
stratification shows a bimodal distribution (vector mean 80°), with the majority of the 141 
measurements trending northeast to east and a separate population trending southwest. Ripple 
cross-stratification may occur in many different orientations within a channel due to variations in 
flow direction (i.e., flow along the bank may move upstream). Nine measurements taken on 
moderate- to large-scale foresets (vector mean 109°) may  be polymodal or bimodal, and have 
trends similar to those of the trough cross-stratification and ripple cross-stratification data 
subsets. Since these dunes are more likely to migrate in the direction of water flow, the 
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Figure 40. Paleocurrent summaries for various types of sedimentary structures observed in the 
measured sections. Trough cross-stratification summary includes trough axes only, and the 
summary for foresets includes moderate- to large-scale cross-stratification (i.e. dune foresets, 
lateral-accretion beds, chute-bar accretion surfaces). Vector mean is indicated by red line, with 
the circular standard deviation shown in red along outside of diagram. 
 
 
 
N=141 
Vector mean: 80° 
Circular std dev: 71° 
N=22 
Vector mean: 113° 
Circular std dev: 59° 
N=9 
Vector mean: 109° 
Circular std dev: 59° 
1 
0.5 
20 
10 
3 
2 
1 
15 
5 
97 
 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41. Paleocurrent summaries by architectural element. Vector mean is indicated by red 
line, with the circular standard deviation shown in red along outside of diagram. 
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variations in paleoflow suggest meandering or anastomosing channels as well. Foreset 
measurements were taken on what is interpreted to be the foresets of migrating subaqueous 
dunes. It is possible that some of these measurements were actually taken on laterally accreting 
surfaces or migrating bars. Foresets of dunes would indicate a paleoflow parallel to the dip 
direction of foresets, whereas channel/chute bar foresets or lateral-accretion surfaces could 
indicate a paleoflow perpendicular or oblique to the foreset-dip direction. A significant effort was 
made to differentiate between dune foresets and lateral-accretion surfaces; however, a possible 
misinterpretation cannot be dismissed.  
Paleocurrent measurements were also compared based on architectural-element type 
(Figure 41). Single-story channel-body measurements (N=14) have a vector mean of 61° and a 
weakly polymodal distribution. Multi-story channel body measurements (N=153) have a vector 
mean of 90° and trend mainly to the east and northe ast, but are also fairly variable. As 
discussed above, this is probably because the channels were migrating or avulsing across the 
floodplain, but maintained an overall easterly flow. The five measurements from crevasse-splay 
sandstone bodies have a vector mean of 3°. As crevasse spla ys can occur in any direction on 
the floodplain, wide variation is expected.  
A more useful method to analyze paleocurrent data is to compare paleoflow for 
sandstone bodies occurring at the same stratigraphic level. Figure 35 includes the average 
paleocurrent direction for each sandstone body from which data were acquired, and individual 
paleocurrent measurements are also shown in Figure 33. The variability of paleocurrent values 
per sandstone body appears to be indicative of meandering channel bodies that are trending in 
a east to northeast, particularly in the lower portion of the study interval. Variability in paleoflow 
within channel bodies can be attributed to depositional differences, such as migration of channel 
bars versus ripple migration. Ripples may trend in a variety of directions because currents can 
be highly variable within a channel. Channel bars typically migrate downstream, thus can be a 
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more representative indicator of paleoflow. It is critical to identify the main cause of variability so 
connectivity can be more accurately estimated.  
Most sandstone bodies within the study interval have limited connectivity (as shown in 
Figure 35); however, sandstone bodies above potential correlatable surfaces appear to have 
higher apparent connectivity. For example, paleocurrent measurements were examined relative 
to the potential sequence boundary and potential correlatable surface (Figure 42). The mean 
paleoflow directions for multi-story sandstone bodies W5SSB7, W1SSB10 and W2SSB7 above 
the potential sequence boundary are 38°, 206° and 66°  respectively. The paleocurrent data for 
W1SSB10 have less than a 30° circular standard deviatio n as shown in the corresponding rose 
diagram in Figure 42. The paleocurrent data for W5SSB7 are much more variable, and have a 
circular standard deviation of 128°. The variability within W5SSB7 might be attributed to 
differences in depositional style, as the upper story of the sandstone body was interpreted as a 
possible chute bar, and the lower story of the sandstone body was interpreted as a convoluted 
and rippled channel fill. All three multi-story channel bodies contain ripple cross-lamination and 
wavy to planar-parallel cross-stratification, and they also contain large-scale Teredolites 
burrows at their erosional bases. Thicknesses are also similar. It is interesting to note, however, 
that the upper portion of W5SSB7 is more consistent with the paleocurrent measurements 
acquired from sandstone body W1SSB10. It is also possible that these sandstone bodies were 
deposited in multiple channels at the same stratigraphic level, and the similarities in facies are 
related to similarities in flow energy and velocity, while the differences in paleoflow may be 
attributed to varying channel discharge direction or depositional style. Because facies, 
thicknesses, and basal characteristics are so similar, it is more likely that deposition occurred 
within the same channel, and depositional style was variable.  
Multi-story channels also occur above the potential correlatable surface shown in 
Figures 33 and 35. Sandstone bodies W5SSB11 and W1SSB19 are located in the West Creek 
  
Figure 42. Enlargement of Figure 3 showing mean paleocurrent directions (indicated by light
blue arrows) for selected sandstone bodies lying atop the potential sequence boundary (red  
dashed line) and potential correlatable surface (white dashed line). Rose diagram
showing paleocurrent direction(s); VM = vector mean, SD = circular standard deviation. Blue
diamonds on map show waypoint locations taken at 50 ft (15 m) intervals on measured 
sections. 
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portion of the study interval, and have mean paleocurrent directions of 231° and 235°, 
respectively. Sandstone bodies W2SSB10 and W4SSB4 are along the same stratigraphic 
horizon in Mail Box Draw, and have paleocurrent directions of 166° and 157°, respectively. 
Because there is only one measurement per sandstone body in Mail Box Draw, it is possible 
that these values are not indicative of actual paleoflow; however, the similarities between the 
two suggest that it is possible. When viewed in map view (Figure 42), it appears that the 
paleoflow in Mail Box Draw was south-southeast, then changed to southwest in West Creek. 
This change in direction could be an indication paleoflow, with rocks above the correlatable 
surface belonging to a single channel body. Facies in the multi-story sandstone bodies are 
similar within sandstones overlying the possible correlatable surface, but exhibit more variation 
than sandstone bodies above the potential sequence boundary. Ripple cross-lamination is 
prevalent in all channel-sandstone bodies; however, more silty sandstone is persistent between 
more sandstone-rich layers for those sandstones overlying the correlatable surface. Also, more 
high-and low-angle cross-stratification is present than in sandstones overlying the potential 
sequence boundary, indicating possible dune migration or lateral accretion. Thickness 
decreases slightly in the interpreted upstream direction from about 20 ft (6 m) to 12 ft (4 m). The 
general paleoflow trend appears to change from an easterly-northeasterly direction below the 
potential correlatable surface to a more southeasterly-southwesterly direction above it. This 
could be indicative of a local rise in base level between the two multi-story channel bodies, 
followed by a fall in base level during which the upper multi-story channel body was deposited. 
The theory of a relative base level rise is supported by the presence of a low net-to-gross 
interval between the two multi-story channel bodies (area between red- and white-dashed lines, 
shown in Figure 35); however, more information on potential paleosol character within the low 
net-to-gross interval is needed to make a more definitive determination. 
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     Thin section analysis  
 It is well known that fluvial reservoir elements within the Mesaverde Group, specifically in 
the lower Williams Fork Formation, are considered tight, with low permeability. Thin sections (N 
= 16) were made from samples acquired from outcrop to determine diagenetic history, mineral 
composition, and whether facies vary in composition at the microscopic scale (Table 5). Two 
thin sections were prepared for each sandstone-dominated facies. Blue epoxy was impregnated 
into the rocks to accentuate the pore space. One-half of each slide was stained using Alizarin 
Reds to aid in calcite identification, and the other half of each slide was stained using 
hydrofluoric acid fumes, cobaltinitrate solution, barium chloride solution, amaranth solution, and 
calcium chloride solution, to identify feldspars (plagioclase feldspar turns pink and potassium 
feldspar turns yellow).  
The samples are very similar in composition, as shown in Figure 43. Approximately 25-
50% (visual estimates) of framework grains consist of quartz, many of which showed evidence 
of quartz overgrowths. Other framework grains include plagioclase feldspar (~10-15%), 
potassium feldspar (~10-20%), lithic fragments including mud chips and siltstone clasts (~20-
30%), and chert and carbonaceous debris (~10%), which commonly occurred in lamina. 
Framework grains are angular to sub-angular and sizes vary from very fine to medium grained. 
Though point counts were not conducted, interparticle porosity is estimated to be approximately 
20 to 40 %, with less than 5% intraparticle porosity existing within dissolution cavities of 
plagioclase feldspar grains (Figure 43C). There is little cement in most samples, but some 
dolomite with minor amounts of calcite, siderite and hematite are present. Other samples are 
well-cemented with calcite. Clays are also present within pore spaces, though further research 
is required to determine the actual clay species. Appendix G includes full hand specimen and 
thin-section descriptions for each of the 16 samples. 
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Thin Section Sandstone Body Facies 
   WC-1-10 W1SSB1 Asymmetric-ripple cross-laminated sandstone 
WC-1-26 W1SSB2 Asymmetric-ripple cross-laminated sandstone 
WC-3-27 W3SSB11 Low-angle cross-stratified sandstone 
WC-1-50 W1SSB8 Low-angle cross-stratified sandstone 
WC-4-12 W4SSB7 Trough cross-stratified sandstone 
WC-1-44 W1SSB6 Trough cross-stratified sandstone 
WC-1-63 W1SSB12 High-angle cross-stratified sandstone 
WC-1-66 W1SSB8 High-angle cross-stratified sandstone 
WC-2-17 W2SSB6 Convoluted sandstone 
WC-2-26 W2SSB16 Structureless sandstone 
WC-1-25 W1SSB2 Organic-rich laminated silty sandstone 
WC-1-45 W1SSB7 Organic-rich laminated silty sandstone 
WC-1-3 W1SSB1 Organic-rich laminated silty sandstone 
WC-2-7 W2SSB3 Structureless siltstone 
WC-2-16 W2SSB5 Structureless siltstone 
WC-2-8 W2SSB3 Organic-rich laminated silty sandstone 
 
 
Table 5. Summary of thin sections including a thin-section number (WC = West Creek, the 1st 
number identifies the measured section number, and the 2nd number identifies the footage of the 
sample), the sandstone body from which sample was acquired, and the facies that is 
represented by the sample. 
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Figure 43. Thin-section photographs of samples showing A) WC-2-17,organic matter with yellow 
blebs of resin (organic matter and porosity [blue] circled in yellow); B) WC-2-26, quartz (Q) and 
rock-fragment (RF) detrital grains and calcite (Ca) cement, with quartz overgrowths indicated by 
white arrows; C) WC-2-26, quartz (Q), potassium feldspar (K), plagioclase feldspar (P, note 
dissolution of grain), and rock fragment detrital grains (RF) and calcite cement (Ca); D) WC-1-
44, quartz (Q), plagioclase feldspar (P), rock fragments (RF), and chert (Ch) detrital grains, and 
hematite (H) infilling some pore space. Note: ppl = plane polarized light, xpl = crossed Nichols 
polarized light.  
 
 
 
 
 
 
 
 
Q 
RF 
K P 
A B 
Q 
P 
Ch 
RF 
P 
H 
Ca 
C D 
Q 
RF 
Ca 
20x, ppl 
10x, ppl 10x, xpl 
4x, ppl 0.1 mm 0.5 mm 
0.2 mm 0.2 mm 
105 
 
Diagenetic history also appears consistent. Evidence of compaction exists in the form of 
multiple contacts between framework grains, some of which are long or concavo-convex. Many 
of the grains appear to be floating in pore space, however, which suggests that grains were 
well-cemented prior to compaction, with subsequent dissolution of cement, possibly upon 
exhumation and exposure to meteoric water. Clays were possibly infiltrated, as evidence of 
authigenic precipitation was not obvious. Some clay likely formed as a result of feldspar and 
mica dissolution and weathering, as evidence for both is present. Though pore space is 
prevalent in these samples, it is likely that they were well cemented at depth, which is consistent 
with low porosity and permeability expected for fluvial reservoir elements within the Mesaverde 
Group. 
 Hansley (1981) conducted a core study of fluvial reservoir rocks approximately 1,000 to 
1150 ft (305 to 350 m) below the surface within the same interval the present study. The cored 
interval was taken from the Twin Arrow Inc. 4-14X C & K well, which is located approximately 
6.4 mi (10.3 km) northeast of the West Creek study area. Hansley (1981) examined six thin 
sections prepared in similar fashion as those from West Creek and Mail Box Draw. Framework-
grain mineral types for each study are comparable, consisting of quartz with euhedral 
overgrowths, feldspars, angular chert grains, and lithic fragments. Minor detrital grains observed 
by Hansley (1981) include biotite, muscovite, chlorite, zircon, pyroxene, hornblende, pyrite, 
organic matter, and tourmaline. Biotite, muscovite, pyrite, and organic matter were also 
observed in the West Creek thin sections. Organic matter can be more prevalent, and can occur 
as lamina. Matrix consists of clay minerals, and carbonate comprise most of the observed 
cement. Porosities from Hansley’s study range from 15.6 to 24.6%, with permeabilities ranging 
from 1.3 to 249.0 mD. In addition to examining mineralogies of the cored interval, Hansley 
(1981) also suggested a diagenetic interpretation. 
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According to Hansley (1981), clays present are typically authigenic, but some clay is 
likely pseudomatrix derived from lithic fragment alteration. The main clay is kaolinite, with lesser 
amounts of illite. Dolomite is the main carbonate cement, with lesser amounts of calcite, which 
fills pore spaces sporadically. Moldic and intergranular porosity was created by dissolution of 
early carbonate cements and detrital grains. Partial dissolution of plagioclase feldspar grains 
also created intraparticle porosity, commonly leaving only the outer shell of the original grains. 
Hansley (1981) speculates that compaction was minimal due to the presence of early carbonate 
cements, which were later dissolved to create secondary porosity. Most pores created by 
dissolution of grains and cement have partially been filled by kaolinite, which likely was derived 
from alteration of framework. Higher permeability values are attributed to better sorting with 
larger grain sizes, with smaller grains and poorer sorting being associated with lower 
permeability values. 
COAL CANYON COMPARISON  
One of the main objectives of this research is to investigate how stratigraphic variability 
within West Creek compares to sandstone bodies within Coal Canyon. The Coal Canyon study 
area is located approximately 47 mi (75.6 km) southeast of the West Creek study area (Figure 
1). The study area in Coal Canyon is 5.7 mi (9.2 km) long, which is significantly larger than that 
in West Creek.  Previous studies in Coal Canyon have focused on sandstone-body types, 
dimensions, depositional environments, and implications for reservoir development within the 
lower, sandstone-poor Williams Fork Formation (Figure 2), which is equivalent to the main coal-
bearing interval of the Mesaverde Group. The stratigraphic interval in Coal Canyon is a coastal-
plain assemblage with a variety of fluvial floodplain, swamp, marsh and lacustrine architectural 
elements (Cole and Cumella, 2005; Pranter et al., 2009). Net-to-gross ratios within both study 
areas are similar, with less than 50% sandstone throughout the intervals. 
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Methods used and data obtained from this study are comparable to those from Coal 
Canyon. Facies, architectural elements, and depositional environment interpretations are also 
similar. Sandstone-body types (architectural elements), sandstone-body dimensions, net-to- 
gross ratio, and paleocurrent data from West Creek are compared to observations and statistics 
from Coal Canyon. Statistical data presented here for Coal Canyon is data that was presented 
in Pranter et al. (2009).   
     Sandstone bodies/architectural elements 
 Cole and Cumella (2005) identified eight mudrock lithofacies and six sandstone 
lithofacies in Coal Canyon. Mudrock facies within the Cameo-Wheeler coal zone contain siderite 
and ferroan dolomite concretions, and are carbonaceous to coaly. As siderite is indicative of a 
reducing environment, the depositional setting interpreted for these mudrocks is a poorly 
drained floodplain, with marsh and swamp components. Mudrocks above the Cameo-Wheeler 
zone lack siderite, and are interpreted as an alluvial floodplain assemblage. Sandstone 
lithofacies of Cole and Cumella (2005) paper differ from the West Creek study only in how they 
are characterized. Facies in the West Creek study area were defined based mainly on the 
sedimentary structures, regardless of depositional environment. Lithofacies in Coal Canyon 
were defined based on sedimentary structure and depositional environment. Depositional facies 
for sandstone lithofacies in Coal Canyon included fluvial channel, splay, and lacustrine. 
 Figure 44 shows classifications of sandstone bodies used in this study compared to 
classifications used by Cole and Cumella (2005) and Pranter et al. (2009), and includes general 
plan views of each architectural element type. Cole and Cumella (2005) identified five different 
sandstone-body types based on lithofacies variations. Type A sandstone bodies are rare, are 
generally narrow with splay and levee “wings”, and generally erode into carbonaceous mudrock. 
Type A sandstone bodies are interpreted as deep, relatively straight to sinuous anastomosed 
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Figure 44. Sandstone-body/architectural-element classification for this study compared to 
previous Coal Canyon classification schemes of Cole and Cumella (2005) and Pranter et al. 
(2009). Diagrams below upper figure show general plan views of single story channel bodies (B-
B’), multi-story/multilateral channel bodies (C-C’), and crevasse splays (E-E’). Modified from 
Cole and Cumella (2005) and Pranter et al. (2009). 
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channels, or avulsions of larger systems. Type B sandstone bodies may have mudrock clasts at 
their bases, show an overall decrease in grain size upward (slight), and typically have lateral-
accretion surfaces with little internal scouring. This type was deposited by simple sinuous fluvial 
systems that produced point bars. Pranter et al. (2009) group types A and B into a single-story 
channel-body classification. Type C sandstone bodies are similar to type B sandstone bodies 
lithologically, but are composed of stacked channels (point bars) with internal scours, mudchip 
lags, and lateral-accretion surfaces. Type C sandstone bodies were deposited by multiple 
sinuous channels within a meander belt. Pranter et at. (2009) classifies this sandstone body 
type as a multi-story/multilateral channel body. Type D sandstone bodies resemble type B 
sandstone bodies, but are thinner, narrower, and might not show distinctive channel cross-
sections (Cole and Cumella, 2005). This type is interpreted as crevasse channels. Sandstone 
body types A and B are included within the single-story channel-body architectural element for 
the West Creek study, and types C and D are included within the multi-story channel- body 
architectural element type, similar to the naming convention used by Pranter et al. (2009). 
Finally, type E sandstone bodies represent crevasse-splay deposits, are commonly associated 
with crevasse channels, and are broadly lenticular. Pranter et al. (2009) and the present study 
also call these types of deposits crevasse splays. Figure 45 shows modern-day anastomosing 
and sinuous fluvial channels which may resemble the gross depositional setting for the strata in 
Coal Canyon and West Creek.  
 Paleocurrent measurements were acquired within the two study areas using similar 
methods. The vector-mean paleocurrent direction in Coal Canyon is 75°, whereas the vector 
mean paleocurrent value in West Creek is 87°. Variat ions in paleoflow within the Coal Canyon 
study area are comparable to those seen in West Creek, as distributions within crevasse-splay 
deposits tended to be polymodal and channel-body paleoflow distributions tended to be more 
bimodal.  
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Figure 45. Google Earth image of Mobile River in Alabama illustrating modern-day meandering 
and anastomosing river channels and lakes. Latitude and longitude for center of photo are 
30°47’35.78”N, 87°57’49.30”W, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.71 mi (4.36 km) 
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Sandstone-body dimensions 
 Dimensional data for this study and Coal Canyon (Cole and Cumella, 2005) were 
collected using similar techniques. Sandstone bodies were “walked out” and their pinchouts 
defined by GPS waypoints. Thus, the apparent-widths values represent the straight-line 
distance between terminations. Thickness measurements were collected along the sandstone 
bodies at inflection points using measuring tape and/or Jacob staff. In addition to thickness 
measurements, paleocurrent data, fossils, sedimentary structures, number of channel stories, 
and other information was recorded. In addition to the traverse method (Cole and Cumella, 
2005), dimensional data were also obtained by high-resolution LiDAR (light detection and 
ranging), digital orthophotography, and ground-based photomosaics (Panjaitan, 2006; Pranter 
et al. 2009) in the Coal Canyon area. Coal Canyon data from the Pranter et al. (2009) study 
include data for 136 sandstone bodies from the Cole and Cumella (2005) study.  
 Dimensional data for Coal Canyon (Pranter et al., 2009) and West Creek are 
summarized in Table 6. Single-story channel-sandstone bodies range in maximum thickness 
from 3.9 to 29.9 ft (1.2 to 9.1 m) in Coal Canyon, and from 0.3 to 11.0 ft (0.1 to 3.4 m) in West 
Creek, with mean maximum-thickness values of 12.3 ft and 2.5 ft (3.7 m and 0.8 m), 
respectively. Apparent-width values in Coal Canyon range from 44 to 1700 ft (13 to 518 m) and 
from 7 to 146 ft (2.3 to 45 m) in West Creek, with mean apparent-width values of 340 ft and 69 ft 
(104 m and 21 m), respectively. Figure 46 shows apparent-width values plotted against mean-
thickness values in Coal Canyon, with a similar plot of the West Creek data shown in Figure 23. 
Overall, sandstone bodies in West Creek are smaller than those in Coal Canyon, and channel 
bodies in both areas display larger width and thickness dimensions than crevasse-splay 
deposits. Though the general trend is similar, many interpreted channel bodies within the West 
Creek study area appear to fall within the main range of crevasse-splay sandstone bodies in 
Coal Canyon. 
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A. Coal Canyon Summary, Pranter et al. (2009) 
Sandstone-Body Type N Minimum Mean Maximum Standard Deviation 
    (ft) (m) (ft) (m) (ft) (m) (ft) (m) 
Crevasse Splay 279 
Maximum Thicknes   0.5 0.2 5.1 1.6 15.0 4.6 2.6 0.8 
Apparent width   40 12 231 70 843 257 136 42 
Width:thickness ratio   9.8 94.6 718.2 80.9 
Single-story Channel Body 116                 
Maximum Thickness   3.9 1.2 12.3 3.8 29.9 9.1 5.1 1.6 
Apparent width   44 13 340 104 1700 518 263 80 
Width:thickness ratio   6 45 149 30 
Multi-story Channel Body 273                 
Maximum Thickness   5.0 1.5 19.1 5.8 47.1 14.4 8.2 2.5 
Apparent width   53 16 512 156 2791 851 434 132 
Width:thickness ratio   4 46 221 34 
Total Population 668                 
Maximum Thickness   0.5 0.2 12.1 3.7 47.1 14.4 8.7 2.7 
Apparent width   40 12 365 111 2791 851 336 102 
Width:thickness ratio   4 66 718 63 
 
B. West Creek Summary (From Table 3) 
Sandstone-Body Type N Minimum Mean Maximum Standard Deviation 
  
  (ft) (m) (ft) (m) (ft) (m) (ft) (m) 
Crevasse Splay 6                 
Maximum Thickness   0.3 0.1 0.7 0.2 2.7 0.8 0.3 0.1 
Apparent width   7 2 53 16 178 54 65 20 
Width:thickness ratio (no unit)   26 57 103 28 
Single-story Channel Body 14                 
Maximum Thickness   0.3 0.1 2.5 0.8 11.0 3.4 0.8 0.2 
Apparent width   7 2 69 21 146 45 43 13 
Width:thickness ratio   9 33 79 20 
Multi-story Channel Body 23                 
Maximum Thickness   0.7 0.2 6.8 2.1 25.5 7.8 2.5 0.8 
Apparent width   40 12 319 97 1149 350 297 91 
Width:thickness ratio   10 48 118 29 
Total Population 43                 
Maximum Thickness   0.3 0.1 7.1 2.2 25.5 7.8 7.0 2.1 
Apparent width   7 2 201 61 1149 350 253 77 
Width:thickness ratio   9 44 118 27 
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Table 6. A) Summary of Coal Canyon sandstone-body dimensional data (Pranter et al., 2009). 
Data may be compared to apparent-width, thickness, and width/thickness-ratio data for B) West 
Creek. 
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Figure 46. Cross-plot of apparent width versus maximum thickness for sandstone bodies in the 
Coal Canyon study area (Pranter et al., 2009), lower Williams Fork Formation. Architectural 
elements are equivalent to those in the West Creek study area apparent width/thickness cross 
plot (Figure 24) for comparison purposes. 
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Thickness and apparent-width ranges from Coal Canyon (Figure 46) are much broader 
than those in West Creek (Figure 22), which may be accounted for by differences in deposition, 
the orientations of sandstone bodies in the exposures, quality of exposures, present-day 
erosional processes, or differences in interpretation. Thickness data acquired by Panjaitan 
(2006) using LiDAR and photomosaics were revisited by Sommer (2007) in efforts to field-check 
the accuracy of data obtained using LiDAR. Differences in data were attributed to the vertical 
distortion of aerial orthophotos that were used in conjunction with LiDAR to calculate 
thicknesses (Pranter et al., 2009). Additionally, apparent-width data were compared for 121 
sandstone bodies that were acquired using both LiDAR and GPS field-mapping methods. The 
data show that both methods produce similar results, and correlate quite well (R2=0.93). 
Differences in apparent-width measurements were attributed to lower accuracy of GPS versus 
LiDAR and inherent error associated with choosing sandstone-body termination points on 
outcrop versus using photomosaics (Pranter et al., 2009). Termination points of sandstone 
bodies are difficult to determine from afar, because they may not be in the same location as an 
actual termination due to outcrop curvatures. These differences were apparent during the 
course of the West Creek research. Large-scale photo pans (8 x 4 ft [2.4 x 1.2 m]) were used to 
identify sandstone bodies that were mapped; however, when on the outcrop, most terminations 
were not located where expected based on the photo pans.  
Because most of the apparent width-data from the Pranter et al. (2009) Coal Canyon 
study was obtained using LiDAR, it is also useful to compare the West Creek data with data 
obtained via the GPS method by Cole and Cumella (2005) (Table 7, Figure 47). The same 
general trends (i.e., Pranter et al. 2009) exist when the West Creek and the Cole and Cumella 
(2005) datasets are compared. For example, the greatest apparent-width value for a crevasse 
splay in West Creek was 178 ft (54 m), whereas the greatest value in Coal Canyon was 843 ft 
(257 m) (Tables 6B and 7). For single-story channel bodies, these differences were even 
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Coal Canyon Summary (Cole and Cumella, 2005) 
Sandstone-Body Type N Minimum Mean Maximum Standard Deviation 
  
  (ft) (m) (ft) (m) (ft) (m) (ft) (m) 
  42                 
Maximum Thickness (ft)   0.5 0.2 3.6 1.1 9.1 2.8 2.0 0.6 
Apparent width (ft)   40 12 262 80 843 257 186 57 
Width:thickness ratio   14 94 464 90 
                    
Single-story Channel Body 39                 
Maximum Thickness (ft)   3.5 1.1 8.8 2.7 21.0 6.4 4.1 1.3 
Apparent width (ft)   46 14 424 129 2316 706 451 138 
Width:thickness ratio   4 51 227 48 
                    
Multi-story Channel Body 55                 
Maximum Thickness (ft)   4.5 1.4 13.8 4.2 29.0 8.8 5.1 1.6 
Apparent width (ft)   140 43 815 248 2791 851 545 166 
Width:thickness ratio   9 61 159 36 
                    
Total Population 136                 
Thickness (ft)   0.5 0.2 9.3 2.8 29.0 8.8 5.9 1.8 
Apparent width (ft)   40 12 528 161 2791 851 491 150 
Width:thickness ratio   4 68 464 63 
 
Table 7.  Summary of Coal Canyon sandstone-body dimensional data (Cole and Cumella, 
2005). Data may be compared to apparent-width, thickness, and width/thickness-ratio data for 
West Creek (Tables 3 and 6B). 
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Figure 47. Cross-plot showing apparent widths and maximum thicknesses for single-story 
channel-body, multi-story channel-body, and crevasse-splay architectural elements in Coal 
Canyon (Cole and Cumella, 2005). 
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greater. In West Creek, maximum thickness ranged from 0.3 to 11.0 ft (0.1 to 3.4 m) with 
apparent-width values ranging from 7 o 46 ft (2 to 14 m). This is significantly smaller than values 
obtained for single-story channel bodies in Coal Canyon, which showed maximum thicknesses 
ranging from 3.5 to 21.0 ft (1.1 to 6.4 ft) and apparent widths ranging from 46 to 2,316 ft (14 to 
706 m). It should be noted that because Type A and B sandstone bodies in the Cole and 
Cumella (2005) study were combined into single-story channel-body architectural elements for 
the purposes of this study, the apparent-width value range appears more extreme.   
Reasons for such differences were previously discussed, but upon review of all data, it is 
likely that the main reasons for such large differences in sandstone-body dimensional data 
resulted from differences in interpretation and classification, or variations in outcrop orientations. 
A case for interpretative difference can be made when viewing Figure 48. The cluster of 
crevasse-splay values for Coal Canyon varies significantly from the cluster of crevasse-splay 
values for West Creek. West Creek data trend between the width/thickness ratio (W/T) lines of  
10 and 100. The crevasse-splay data for Coal Canyon is much more dispersed, falling not only 
between 10 and 100, but below the W/T = 10 and above the W/T = 100 line as well. Single-story 
channel body data for West Creek appears more similar to crevasse-splay data in Coal Canyon. 
Multi-story channel-body values are the most similar between the two study areas. Orientation 
of the outcrops is also a potential reason that sandstone-body dimensional data varies, as 
shown in Figure 49. Both study areas show paleocurrent directions in a mainly easterly 
direction; however, outcrops on which sandstone bodies were measured in West Creek trend 
east-northeast, whereas outcrops in Coal Canyon trend mainly west-northwest along one 
outcrop and mainly north-northeast along a second outcrop. Because depositional environments 
and paleocurrent directions are similar, it is likely that some of the variation in dimensional data 
results from varying outcrop orientations. 
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Figure 48. Cross-plot comparing apparent-width versus maximum-thickness values from Coal 
Canyon (CC) (Cole and Cumella, 2005) to West Creek (WC) by sandstone-body 
type/architectural element type. Lines of equal apparent width and thickness are shown, with 
W/T = width/thickness ratio. 
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Figure 49. Illustration of hypothetical highly sinuous river showing possible cross-sections, or 
outcrop “slices” relative to azimuthal orientation (modified from Cole and Cumella, 2005). 
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DISCUSSION 
 Fluvial reservoir elements of the main coal-bearing interval of the Mesaverde Group tend 
to share mineralogical compositions and diagenetic histories at the microscopic level, but can 
vary greatly spatially. Correlation of measured sections (Figure 33) and photo pans (Figure 35) 
show spatial variability of architectural elements. The mineralogic, paleocurrent, and 
dimensional data gathered at West Creek are very similar to data obtained in Coal Canyon 
(Cole and Cumella, 2005; Pranter et al., 2009) and in Hansley’s (1980) core study, though Coal 
Canyon is over 46 miles to the southeast and the core location is about 6 miles to the northeast.  
At the microscopic scale, outcrop data are less useful than data from core, because of 
near-surface infiltration of meteoric waters and subsequent dissolution of grains and cement; 
however, the majority of observations from this study are similar to those of Hansley (1980). 
One objective for this research was to determine if microscopic-scale variability existed within 
facies such that individual facies could be identified based on mineralogies, compositions, and 
gamma-ray values. Individual facies do not produce predictable, identifiable characters in 
gamma-ray data, and mineralogies are not diagnostic for each facies either.  
At the outcrop scale, heterogeneities are obvious within sandstone bodies and between 
them. Similar to research conducted by Caldes (2005), stratigraphic position of architectural 
element types appear to vary in such a way as to be almost predictable. Research conducted by 
Cole and Cumella (2005) and Panjaitan (2006) appears to show similar variability of 
architectural elements. Similar to the research conducted at West Creek, multi-story channel 
bodies tend to be laterally continuous, and separate more siltstone-dominated intervals 
containing crevasse-splay sandstones. Single-story channel bodies can occur in conjunction 
with crevasse splays or multi-story channel bodies. It is possible that the multi-story channel 
bodies are representative of relative base level changes that can be correlated region-wide. 
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In fact, a similar style of stratigraphic variability is visible in the Coal Canyon study area 
(Figure 50). This “pattern” that appears indicative of the lower Williams Fork Formation can be 
used as a predictive tool when well-log data are sparse (Caldes, 2005). Relatively low net-to-
gross intervals with sporadic, lenticular sandstone bodies present a challenge when dimensional 
statistics are applied to the subsurface; however, the presence of more laterally-continuous, 
thicker sandstone bodies are the most likely candidates for good-quality reservoir elements.  
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Figure 50. Map of Coal Canyon showing architectural element types and positions (from Pranter 
et al., 2009). 
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 CHAPTER FOUR 
CONCLUSIONS AND RECOMMENDATIONS 
CONCLUSIONS 
Facies, facies associations, and architectural elements show that the fluvial strata at 
West Creek were deposited on the coastal plain, but were near enough to the Western 
Cretaceous Seaway to be influenced tidally. Tidal influence appears to decrease 
stratigraphically upward. Overall net-to-gross ratios (percent sandstone) within the study area 
are relatively low, and range from about 40% to 50%.   
Stratigraphic variability within the study area was assessed by measuring sandstone 
bodies, as well as determining overall geometries and stratigraphic positions using 
photomosaics and correlation of laterally-continuous sandstone bodies. Four architectural 
elements were identified based on facies interpretations and geometry of sandstone bodies. 
Single-story channel body apparent-width measurements range from 7 to 69 ft (2.3 to 21.0 m), 
and maximum thicknesses range from 0.3 to 11 ft (0.1 to 3.4 m). Width/thickness ratios range 
from 9 to 79. Single-story channel bodies occur most commonly in the lowermost and 
uppermost portions of the study area. Dimensions for multi-story channel bodies tend to be 
greater than those for single-story channel bodies, with apparent widths ranging from 40 to 1149 
ft (12.2 to 350.3 m), maximum thicknesses ranging from 0.7 to 25.5 ft (0.2 to 7.8 m), and 
width/thickness ratios ranging from 10 to 118.  Multi-story, amalgamated channel bodies tend to 
occur mostly in the middle portion of the study interval, and are the most laterally correlatable 
architectural elements. Crevasse-splay architectural elements tend to have the lowest width and 
thickness values, with apparent widths ranging from 7 to 178 ft (2.3 to 54.3 m) and maximum 
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thicknesses ranging from 0.3 to 2.7 ft (0.1 to 0.8 m). Width/thickness ratios for crevasse splays 
range from 26 to 103. 
Stratigraphic variability was also assessed by reviewing total-count gamma ray data. 
Total gamma ray response relative to architectural elements allows for differentiation between 
sandstones and siltstones, but distinctions between the sandstone-dominated architectural 
element types are not clear. Gross total-count gamma-ray trends for architectural elements 
remain helpful in predicting subsurface reservoir elements by identifying sandstones versus 
siltstones; however, spectral gamma-ray data do not provided clear trends for subsurface 
predictability.   
 Depositional environment, sandstone-body types, facies, net-to-gross ratios, mineral 
composition, and paleocurrent data of the West Creek area are similar to Coal Canyon. 
Sandstone bodies within West Creek (N=43) are smaller, in general, than sandstone bodies in 
Coal Canyon (Cole and Cumella, 2005, N=136; Pranter et al., 2009, N=668). Width/thickness 
trends, apparent widths, and maximum thicknesses in Coal Canyon are generally greater than 
measurements taken in West Creek. In Coal Canyon, apparent-width values for single-story 
channels range from 44 to 1700 ft (13.4 to 518.2 m), maximum thickness values range from 3.9 
to 29.9 ft (1.2 to 9.1 m) and width/thickness ratios range from 6 to 149. Multi-story channel 
bodies in Coal Canyon have apparent-width values that range from 53 to 2791 ft (16.2 to 850.7 
m), maximum-thickness values ranging from 5 to 47.1 ft (1.5 to 14.4 m) and width/thickness 
ratios ranging from 4 to 221. Apparent-width values for crevasse splays in Coal Canyon range 
from 40.1 to 843.3 ft (12.2 to 257.0 m). Maximum-thickness values range from 0.5 to 15 ft (0.2 
to 4.6 m), and width/thickness ratios range from 9.8 to 718.2. The variations in dimensional 
magnitude between Coal Canyon and West Creek may be attributed to differences in 
deposition, the orientations of sandstone bodies in the exposures, quality of exposures, present-
day erosional processes, differences in interpretation, and the methods of data collection used.  
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RECOMMENDATIONS 
 Recommendations for future work include: 
     Comparison of spectral gamma-ray data obtained from outcrops to data obtained from 
nearby cores would help to determine variations in the spectral signature, which may help to 
interpret architectural elements in the subsurface from gamma-ray logs. If specific gamma 
signatures could be linked to element-specific minerals, subsurface interpretations could be 
more accurate. 
     A more in-depth study of the mudrock intervals within the study area might shed light on 
paleosol character, which was not studied in West Creek during the course of this work. Again, 
a nearby core would be useful in identifying paleosol character and bioturbation, which would 
give a better understanding of the depositional environment. A better classification of paleosol 
character may help create a continental sequence-stratigraphic framework, which would help 
subsurface modeling by predicting subtle changes in connectivity and stacking patterns of 
reservoir sandstone bodies. 
     Small-scale vertical faults, fractures, and joints occur in many of the sandstone bodies within 
the study area. Some of these faults likely resulted from present-day slumping; however, some 
are thought to have occurred in the subsurface prior to uplift, and would influence the migration 
and accumulation of gas and water. More study of the distances between these faults versus 
thickness could add to previous and current work which can allow for better completion 
strategies. Utilizing the existing fracture network could potentially reduce the need for hydraulic 
fracturing, which would be less costly to companies and the environment.  
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Appendix A 
Measured Section WCW01  
with Architectural Element/Facies Association (AE/FA) Key  
and Location 
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GPS Waypoint at Base of Section: 39.74013° N, 108.7 9802° W 
GPS Waypoint at Top of Section: 39.74119° N, 108.80 039° W 
 
 
Appendix A: Location and path of WCW01 measured section. 
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Appendix A: Architectural element and facies association key for the following measured 
sections. Key for measured sections is shown in Figure 5. 
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            Measured Section  Depth (ft)        Gamma-ray (cps)         AE/FA 
 
 
 
 
Appendix A: Digitized measured section WCW01 including sedimentary structures, grain sizes, 
and miscellaneous features (left); depth and gamma-ray curve (center); architectural 
element/facies association column (right). 
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Appendix B 
Measured Section WCW02 
With Location 
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GPS Waypoint at Base of Section: 39.74461° N, 108.7 9669° W 
GPS Waypoint at Top of Section: 39.74638° N, 108.79 747° W 
 
 
Appendix B: Location and path of WCW02 measured section. 
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Appendix B: Digitized measured section WCW02 including sedimentary structures, grain sizes, 
and miscellaneous features (left); depth and gamma-ray curve (center); architectural 
element/facies association column (right). 
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Appendix C 
Measured Section WCW03  
with Location 
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GPS Waypoint at Base of Section: 39.73474° N, 108.8 0638° W 
GPS Waypoint at Top of Section: 39.73584° N, 108.80 694° W 
 
Appendix C: Location and path of WCW03 measured section. 
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Appendix C: Digitized measured section WCW03 including sedimentary structures, grain sizes, 
and miscellaneous features (left); depth and gamma-ray curve (center); architectural 
element/facies association column (right). 
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Appendix D 
Measured Section WCW04 
with Location 
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GPS Waypoint at Base of Section: 39.74861° N, 108.8 0222° W 
GPS Waypoint at Top of Section: 39.75027° N, 108.80 288° W 
 
 
Appendix D: Location and path of WCW04 measured section. 
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Appendix D: Digitized measured section WCW04 including sedimentary structures, grain sizes, 
and miscellaneous features (left); depth and gamma-ray curve (center); architectural 
element/facies association column (right). 
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Appendix E 
Sandstone-Body Data Table 
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sandstone 
body, below is 
the more 
friable silty 
sandstone 
variable, 
overall 
increases 
(fines 
upward), 
then 
decreases 
(cleans 
upward) 
M
C ssb11 247 15.0 6 lenticular 
mostly 
flat, 
sharp 
uneven, 
sharp 
pinch-
out 
rippled, blebs of 
very well-
cemented 
sandstone, small-
scale scours 
present, also 
contains wavy 
OM-rich mud-
draped lamina 
  no log 
C
S ssb12 178 2.7 6/8 lenticular  
mostly 
flat, 
sharp 
uneven, 
sharp 
pinch-
out/ 
dives 
into 
bone 
coal 
ripples 
nearly 
amalgamates 
with ssb11 
no log 
M
C ssb13 56 7.2 4 
blocky/ 
tabular 
fairly 
uneven, 
may 
grade 
into 
silty 
sand-
stone 
uneven, 
sharp 
dives 
into 
ground, 
no evi-
dence 
of 
pinch-
out 
ripples at top 
(fairly well-
cemented), wavy 
OM-rich mud-
draped lamina 
below (friable) 
show tangential 
and planar 
low/high angle 
cross-strat, wavy 
lamina, scours 
rippled, more 
well-cemented 
sandstone is 
tabular at top 
of composite 
sandstone 
body, below is 
the more 
friable silty 
sandstone 
no log 
M
C ssb14 92 2.0 4 
lenticular 
to tabular 
fairly 
uneven, 
may 
grade 
into 
silty 
sand-
stone 
uneven, 
sharp 
dives 
into 
ground, 
no evi-
dence 
of 
pinch-
out 
ripples at top 
(fairly well-
cemented), wavy 
OM-rich mud-
draped lamina 
below (friable) 
wavy lamina, 
scours 
rippled, more 
well-cemented 
sandstone is 
tabular at top 
of composite 
sandstone 
body, below is 
the more 
friable silty 
sandstone 
no log 
M
C ssb15 246 6.5 7 lenticular 
mostly 
flat, 
sharp 
uneven, 
concave 
up, sharp 
pinch-
out 
planar parallel to 
rippled, lots of 
convoluted 
bedding, base 
contains OM-rich 
mud-draped 
lamina/lenses; 
scours throughout 
badly 
weathered no log 
M
C ssb16 185 7.6 6 lenticular 
mostly 
flat, 
sharp 
uneven, 
slightly 
concave 
up, sharp 
pinch-
out 
scours, planar 
parallel to 
high/low angle 
planar and 
tangential cross-
badly 
weathered, 
friable in 
places, other 
places are 
no log 
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strat (medium 
scale), some OM-
rich mud-draped 
lamina; some 
convoluted 
bedding 
well-cemented 
(divide 
between facies 
very uneven) 
M
C ssb17 173 9.3 4 
tabular to 
lenticular 
some-
what 
uneven, 
sharp 
uneven, 
sharp, 
concave 
up at 
times 
pinch-
out? ripples 
possible 
amalgamation 
of thin 
sandstones 
interbedded 
with the friable 
OM-rich 
laminated silty 
sandstones, 
becoming 
more sand-rich 
laterally 
no log 
S
C ssb18 79 5.7 7 lenticular 
uneven, 
sharp 
uneven, 
sharp to 
more 
grada-
tional 
blocky 
pinch-
out 
planar parallel 
OM-rich muddy 
lamina 
(convoluted at 
times) and ripples 
in sandstones 
interbedded 
sandstones 
and friable silty 
sandstones 
(OM-rich 
muddy lamina) 
no log 
M
C ssb19 165 2.8 8 
tabular to 
lenticular 
flat, 
sharp 
sharp, 
concave 
up 
blocky 
pinch-
out 
ripples, high 
angle planar 
cross-strat 
dipping to the ne, 
prominent scour 
filled by buff 
structureless 
sand 
  no log 
S
C ssb20 146 3.0 7 lenticular 
flat, 
sharp 
kind of 
grada-
tional 
into 
friable 
sand-
stone, 
concave 
up 
pinch 
out to 
the SW, 
blocky 
to the 
NE 
rippled at top, 
trough cross-
bedding and 
low/high angle 
planar or 
tangential cross-
strat or planar 
parallel strat 
below, evidence 
of scour and fill 
(possibly dunes 
migrating? Lateral 
accretion 
surfaces?) 
  no log 
S
C ssb21 7 0.8 4 lenticular 
flat, 
sharp 
sharp, 
concave 
up 
pinch-
out 
unable to 
determine, maybe 
structureless 
  no log 
C
S ssb24 68 1.3 7 lenticular 
flat, 
sharp 
concave 
up, sharp 
pinch-
out 
unable to 
determine, maybe 
structureless 
  
decreases 
upward 
(coarsens 
upward) 
S
C ssb25 20 1.3 6 
tabular to 
lenticular 
flat, 
sharp 
uneven 
to 
concave 
up, sharp 
pinch 
out to 
blocky  
clear burrows, 
possibly rippled, 
trough cross-strat 
  no log 
M
C ssb26 347 4.6 6 
tabular to 
lenticular 
uneven, 
sharp 
uneven 
to 
concave 
up, sharp 
pinch 
out to 
blocky  
planar parallel to 
low angle 
planar/tangential 
cross-strat, lateral 
accretion? 
convoluted strat, 
varies laterally 
mainly 
 
  no log 
M
C ssb27 120 6.8 7 lenticular 
uneven, 
sharp 
uneven 
to 
concave 
up, sharp 
pinch 
out 
mostly rippled, 
friable silty 
sandstone at 
base with om-rich 
lamina (wavy to 
planar parallel), 
scours present 
with ripples 
above.  
friable silty 
sandstone 
typically 
between more 
well-cemented 
sand-rich 
rippled 
sandstone 
no log 
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S
C ssb28 44 3.4 5 lenticular 
uneven, 
sharp 
uneven 
to 
concave 
up, sharp 
pinch 
out ripples 
badly 
weathered, 
splits into 2 
ssb with friable 
silty ss 
between, bone 
coal below and 
above 
no log 
C
S ssb29 9 0.3 7 tabular 
flat, 
sharp 
flat, 
slightly 
uneven, 
sharp 
blocky 
unable to 
determine, maybe 
structureless or 
rippled 
  no log 
C
S ssb30 22 0.4 8 tabular 
flat, 
sharp 
flat, 
slightly 
uneven, 
sharp 
blocky 
unable to 
determine, maybe 
structureless or 
rippled 
  no log 
C
S ssb31 7 0.3 6 tabular 
flat, 
sharp 
flat, 
slightly 
uneven, 
sharp 
blocky 
unable to 
determine, maybe 
structureless or 
rippled 
  no log 
M
C ssb32 102 5.8 8/4 lenticular 
uneven, 
sharp 
uneven, 
concave 
up, sharp 
pinch 
out to 
dives 
into 
ground 
ripples at base, 
lenses of 
structureless 
sandstone 
(possible cryptic 
bioturbation, 
channel fill), 
sands tend to 
pinch out 
internally, multiple 
scours, trough 
cross-strat 
possible 
amalgamation 
of thin 
sandstones 
interbedded 
with the friable 
OM-rich 
laminated silty 
sandstones 
no log 
M
C ssb33 148 16.0 7 
tabular to 
lenticular 
flat, 
sharp 
uneven, 
sharp to 
more 
grada-
tional 
pinch 
out to 
blocky  
blocky sand at top 
has lots of ripples 
and planar 
parallel horizontal 
strat, and scours 
(thins laterally) a 
little convoluted in 
places, overlies 
friable OM-rich 
laminated silty 
sandstone 
(pinches out), 
planar parallel to 
wavy where 
rippled (in friable 
silty ss), portions 
of ssb are 
structureless 
  
overall 
blocky, 
slightly 
decreases 
upward 
M
C ssb34 263 5.3 3 lenticular 
flat, 
sharp 
uneven, 
concave 
up, sharp 
pinch 
out 
ripples, lateral 
accretion 
surfaces with strat 
following curve of 
surface (planar to 
tangential parallel 
to surface), 
overlies OM-rich 
laminated silty 
sandstone with 
wavy or low-high 
angle cross-strat, 
lots of scours or 
just friable silty ss 
separating more 
sand-rich ss 
compartments 
could be multi-
lateral or multi-
story channel 
deposits (on a 
fairly small 
scale) 
no log 
S
C ssb35 66 2.8 9 lenticular 
flat, 
sharp 
uneven, 
concave 
up, sharp 
pinch 
out 
ripples, OM-rich 
laminated silty 
sandstone 
interbedded 
between 
sandstone layers 
(all rippled),  
 
 
  no log 
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S
C ssb36 136 2.7 7 tabular 
uneven, 
sharp 
uneven, 
sharp blocky 
low/high angle 
cross-strat (planar 
and tangential), 
ripples, areas of 
OM-rich 
laminated silty ss 
(wavy, rippled, 
planar parallel to 
low angle cross-
strat) 
  no log 
M
C ssb37 864 10.7 7 tabular 
flat, 
sharp 
uneven, 
sharp blocky 
planar parallel to 
low angle 
planar/tangential 
lamina/cross-strat 
in OM-rich silty ss 
at base and to the 
north laterally, 
rippled and more 
sand-rich at top, 
convoluted in 
places (loading?), 
ripples at base 
scoured in places, 
possible dunes 
filling scours 
(planar/ 
tangential cross-
strat),  
  
variable, 
overall 
blocky with 
slight 
increase 
(fining) 
upward 
S
C ssb38 56 1.2 8 lenticular 
flat, 
sharp 
concave 
up, sharp 
pinch 
out 
 
 
 
 
ripples (per field 
observations) or 
planar parallel 
strat (per 
measured 
section) 
 
 
  
variable, 
overall 
blocky 
M
C ssb3-1 40 5.3 7 lenticular 
flat, 
sharp 
uneven, 
sharp 
pinch 
out 
low angle cross-
strat (planar and 
tangential), 
ripples, internal 
scours present; 
section showed 
structureless 
(maybe cryptic 
bioturbated) at 
base, scour 
above with trough 
x-strat above 
grading into 
ripples, blocky 
weathered 
horizontal 
partings, coal 
fragments present 
highly 
weathered, 
difficult to 
determine sed 
structures at 
times 
decreases 
(cleans) 
upward, 
then 
increases 
S
C ssb3-2 127 3.0 4 tabular? 
uneven, 
sharp 
uneven, 
sharp blocky? 
structureless, 
calcareous 
sandstone, 
septarian 
concretions 
(highly fractured 
ss with calcite 
cement in 
fractures) 
very 
weathered, 
disjointed, 
completely 
eroded in 
places 
decreases 
upward 
S
C ssb3-3 74 11.0 8 lenticular 
uneven, 
sharp 
uneven, 
sharp, 
concave 
up at 
times 
pinch 
out 
planar parallel at 
top, low angle 
tangential cross-
strat below, 
lateral accretion 
surfaces maybe, 
above more sand-
rich ss lies more 
OM-rich friable 
silty sandstone 
(more planar 
parallel lamina) 
  
highly 
variable, 
overall 
blocky 
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M
C ssb3-4 274 9.4 8 lenticular 
flat to 
uneven, 
sharp 
irregular, 
sharp, 
concave 
up  but 
convex 
up at 
times 
pinch 
out 
structureless to 
low angle 
planar/tangential 
cross-strat at 
base, rippled at 
top; section 
shows ripples at 
base grading 
upward into 
trough x-strat, 
then to low angle 
x-strat or planar 
parallel om-rich 
laminated friable 
ss, then a scour 
with low angle to 
trough x-strat 
above, grading 
into planar 
parallel to 
wavy/rippled silty 
ss above, 
uppermost portion 
of ssb is rippled 
 
 
 
 
 
 
 
 
 
possibly 
amalgamated 
with multiple 
scours, 
mudrock below 
overall 
cleans 
(coarsens) 
upward 
S
C ssb3-5 39 1.9 6 tabular 
flat to 
uneven, 
sharp 
uneven, 
sharp blocky 
high angle planar 
cross-strat in 
lower portion of 
ssb, transitioning 
into high angle 
cross-strat near 
top, almost looks 
sigmoidal near 
transition (fairly 
abrupt change); 
possible lateral 
accretion? 
heavily eroded, 
difficult to 
determine 
lateral 
accretion 
surfaces or 
planar x-strat 
overall 
cleans 
(coarsens) 
upward 
M
C ssb3-6 55 1.0 8 lenticular 
flat, 
sharp 
uneven, 
concave 
up, sharp 
pinch 
out 
ripples; section 
shows  siderite in 
0.5 in layers 
within 
structureless 
(highly 
bioturbated) basal 
ss (may have 
faint planar 
parallel lamina); 
scoured, goes 
into wavy lamina 
then ripples, then 
to friable om-rich 
wavy or rippled 
silty ss, then into 
high angle x-strat, 
then to 
convoluted 
bedding at the top 
 
 
 
 
 
  
decreases 
(coarsens) 
upward 
162 
  
S
C ssb3-7 35 1.0 8 lenticular 
flat, 
sharp 
uneven, 
concave 
up, sharp 
pinch 
out 
ripples to planar 
parallel cross-
strat, some high- 
angle 
planar/tangential 
cross strat 
(maybe foresets 
from dunes); 
section shows 
structureless 
(bioturb) ss at 
base grading into 
low-angle x-
strat/planar 
parallel laminated 
with ripples at top, 
contains possible 
siderite layers 
and 
hematite/pyrite 
concretions 
(maybe root 
trace), and coaly 
bits (possibly 
draped silty 
material, not sure) 
 
 
 
 
 
 
 
 
  
overall 
decreases 
(coarsens) 
upward 
M
C ssb3-8 169 10.0 4 
lenticular 
to tabular 
flat, 
sharp 
uneven, 
slightly 
concave 
up, sharp 
pinch 
out to 
blocky  
ripples at top in 
more sand-rich 
sandstone, 
overlies more 
OM-rich finer 
grained silty 
sandstone with 
mud drapes 
(planar parallel to 
low-angle planar 
cross-strat); 
section shows 
low- to high-angle 
x-strat at base, 
becoming more 
planar upward, 
ripples and trough 
x-strat at top 
highly 
weathered, 
difficult to 
determine sed 
structures at 
times, some 
possibly 
structureless 
or cryptically 
bioturbated 
overall 
blocky, 
slightly 
increases 
upward 
M
C W1SSB3 n/a 6.0 n/a 
lenticular 
to tabular 
flat, 
sharp 
uneven, 
slightly 
concave 
up to the 
sw, 
sharp 
one 
side 
pinches 
out, the 
other 
terms in 
cliff at 
edge of 
area 
structureless ss at 
base changing to 
low angle cross-
stratified ss, 
which grades to 
wavy lam at top 
and laterally; thin 
layer of om-rich 
silty ss above 
sharp surface; 
trough cross-strat 
ss (convoluted at 
times) changing 
to high-angle 
cross-strat, with 
ripples at top 
  
variable, 
overall 
decreases 
upward 
(coarsens) 
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M
C W1SSB5 n/a 23.0 n/a lenticular 
uneven, 
sharp 
uneven, 
concave 
up, sharp 
pinch 
out 
highly variable; 
overlies 
structureless 
sandy siltstone, 
wavy to planar 
parallel organic-
rich lamina, some 
ripples with 
oxidized mud 
drapes; grades 
into ripples and 
small-scale 
trough x-strat; 
alternating layers 
of low angle or 
planar parallel 
sandstones and 
organic-rich 
draped friable 
sandstones 
(ripples, trough x-
strat); multiple 
scour surfaces; 
cryptic 
bioturbation 
present at times; 
more ripples and 
trough x-strat 
alternating above 
with ripples 
dominating upper 
7.5 ft of body 
  
variable, 
overall 
blocky 
S
C W1SSB6 n/a 5.5 n/a unknown 
uneven, 
sharp sharp 
un-
known 
ripples at base, 
transitioning into 
trough x-strat 
above; scour 
present with thin 
layer of siderite 
above 
  
overall 
decreases 
(coarsens) 
upward 
S
C W1SSB7 n/a 13.0 n/a unknown 
sharp, 
flat 
uneven, 
sharp to 
more 
grada-
tional 
un-
known 
base grades from 
om-rich laminated 
silty sandstone 
(low angle x-strat 
to planar parallel, 
om-rich  lamina) 
to structureless ss 
containing siderite 
nodules (some as 
large as 8 in); 
likely cryptically 
bioturbated 
  
somewhat 
variable, 
overall 
decreases 
(coarsens) 
upward 
C
S W1SSB9 n/a 1.0 n/a unknown sharp sharp 
un-
known 
high angle cross-
strat, contains 
organic (black 
powdered) 
material 
  
decreases 
slightly  
(coarsens) 
upward 
C
S W1SSB11 n/a 1.0 n/a tabular 
sharp, 
uneven 
sharp, 
uneven 
to planar 
blocky faint low angle 
cross-strat   
decreases 
slightly  
(coarsens) 
upward 
M
C W1SSB12 n/a 3.0 n/a lenticular 
sharp, 
flat 
uneven, 
grada-
tional, 
concave 
up 
pinch 
out 
base grades from 
om-rich laminated 
silty sandstone 
(wavy lamina) to 
ripples with om-
rich mud drapes, 
topped by a 
scour? infilled 
with high-angle x-
strat (opposite 
dips separated by 
a scour); 
coarsens upward 
  
decreases 
(coarsens) 
upward 
164 
  
M
C W1SSB13 n/a 3.0 n/a 
lenticular 
to tabular 
sharp, 
flat 
uneven, 
concave 
up to 
planar, 
sharp 
pinch 
out 
planar parallel to 
low angle x-strat 
at base, grades 
into high angle x-
strat; multiple 
scours above; 
grades back into 
low-angle to 
planar parallel x-
strat at top; 
coarsens upward 
  
decreases 
(coarsens) 
upward 
C
S W1SSB14 n/a 0.5 n/a unknown 
sharp, 
flat sharp 
un-
known 
faint low angle 
cross-strat, 
underlain by 
mudstone that 
coarsens upward 
into silty 
sandstone 
  
decreases 
(coarsens) 
upward 
C
S W1SSB15 n/a 0.5 n/a unknown 
sharp, 
flat sharp 
un-
known 
faint low angle 
cross-strat, 
underlain by silty, 
organic-rich 
sandstone 
  
increases 
slightly 
(fines) 
upward 
C
S W1SSB16 n/a 1.0 n/a unknown 
sharp, 
flat sharp 
un-
known 
no structure 
maybe, possibly 
faint low angle x-
strat, overlain and 
underlain by 
fissile red to 
orangeish-tan 
shale 
  
increases 
slightly 
(fines) 
upward 
C
S W1SSB17 n/a 1.0 n/a unknown 
sharp, 
flat sharp 
un-
known 
faint low angle x-
strat to wavy 
lamina, underlain 
and overlain by 
fissile shale 
  
increases 
slightly 
(fines) 
upward 
M
C W1SSB18 n/a 12.0 n/a lenticular 
sharp, 
uneven 
to flat 
sharp, 
uneven, 
concave 
up 
pinch 
out 
low angle x-strat 
at bottom, 
transitions to high 
angle x-strat with 
rusty draping, 
goes in to 
alternating low 
angle x-strat and 
planar parallel 
lamina (all rust 
draped); scour 
with high-angle x-
strat above which 
transitions into 
wavy or rippled 
om-rich lamina; 
ripples at top (low 
to no om at top of 
ssb); underlain by 
very well-
cemented 
siltstone (lots of 
organic debris) 
and a siderite 
band 
 
 
 
 
 
 
 
  
decreases 
upward, but 
grain size 
fines 
upward, 
likely due to 
decreasing 
silt/clay 
content 
(confirmed 
with 
samples) 
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M
C W1SSB19 n/a 13.5 n/a tabular 
sharp, 
uneven 
to flat 
sharp, 
uneven  
un-
known 
planar parallel 
lamina to wavy 
lamina at base,  
layers of gypsum 
0.5 in thick in 
fractures; 
transitions into 
high angle x-strat 
above, then into 
om-rich draped 
wavy to planar 
parallel; changes 
to low angle x-
strat with rusty 
nodules/lenses; 
changes to ripple 
x-lamina with om-
rich mud drapes, 
pyritic 
concretions, and 
root trace near 
top, thin layer of 
silty sandstone 
(possibly wavy 
lamina), goes 
back into ripples 
with pyritic 
concretions, 
convoluted strata 
uppermost couple 
of feet (pyritic 
concretions, root 
trace) 
  
variable due 
to silty 
lenses, but 
overall 
blocky 
C
S W1SSB20 n/a 0.5 n/a unknown 
uneven, 
sharp 
grada-
tional 
un-
known ripples? Unclear   
increases 
(fines) 
upward 
(note that 
with only 
0.5 ft of 
sand, 
gamma not 
useful since 
I took it 
every foot) 
C
S W1SSB21 n/a 0.5 n/a unknown 
uneven, 
sharp 
grada-
tional 
un-
known 
 
 
 
 
 
 
 
 
 
 
 
 
ripples? Unclear 
 
 
 
 
 
 
 
 
 
 
 
 
  
increases 
(fines) 
upward 
(note that 
with only 
0.5 ft of 
sand, 
gamma not 
useful since 
I took it 
every foot) 
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M
C W1SSB22 n/a 16.0 n/a unknown 
sharp, 
flat 
sharp, 
uneven 
un-
known 
high angle cross-
strat at base, 
grades into trough 
cross-bedding; 
0.5 ft bed of om-
rich draped wavy 
silty ss; then 
structureless ss 
grading into 
trough x-strat 
(oxidized 
surfaces, 
siderite/pyritic 
concretions); 
grades into low to 
high angle x-strat, 
then ripples; 
another 0.5 ft bed 
of om-rich draped 
wavy silty ss; then 
high angle x-strat 
grading into 
convoluted 
bedding (possibly 
was ripple 
lamina?), another 
0.5 ft bed of om-
rich draped wavy 
silty ss; ripples at 
the top; strat 
changes laterally 
  
variable, 
goes from 
increasing 
to 
decreasing 
to 
increasing 
(likely due 
to silt/clay 
content 
changes) 
M
C W1SSB23 n/a 9.0 n/a unknown 
sharp, 
flat 
sharp, 
uneven 
un-
known 
low angle x-strat 
at base with light 
colored mud/clay 
chips; grades into 
high angle x-strat; 
0.5 ft bed of om-
rich draped silty 
ss; sharply 
changes to high 
angle x-strat  
which transitions 
into trough x-strat; 
becomes highly 
convoluted; scour 
with ripples at top 
of ssb; strat 
changes laterally 
  
variable, 
overall 
decreases 
(coarsens) 
upward 
C
S W1SSB24 n/a 0.5 n/a unknown 
sharp, 
flat 
sharp, 
uneven 
un-
known 
 
 
 
 
 
 
 
 
faint ripples? 
Difficult to see 
structures 
 
 
 
 
 
 
 
 
  
increases 
(fines) 
upward 
(note that 
with only 
0.5 ft of 
sand, 
gamma not 
useful since 
I took it 
every foot) 
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M
C W2SSB1 n/a 14.0 n/a 
lenticular 
to tabular 
sharp, 
flat 
sharp, 
uneven 
pinch 
out? 
very base of 
section is om-rich 
draped friable 
silty ss, just 
above that is 
prominent scour 
with section of 
planar parallel to 
low to high angle 
(variable) x-strat, 
contains multiple 
internal scours; 
changes to trough 
x-strat above 
another 
prominent scour, 
then to high angle 
x-strat, grades 
into convoluted 
strat, then to 
planar parallel 
draped lamina, 
then to low angle 
x-strat, and finally 
to trough cross-
strat at top of ssb; 
capped by silty 
ss; varies greatly 
laterally; very 
laterally 
continuous 
  
slight 
decrease 
(cleaning/ 
coarsening) 
upward, 
variations 
due to 
fluctuating 
clay content 
C
S W2SSB2 n/a 4.0 n/a unknown 
sharp, 
uneven 
sharp, 
uneven 
un-
known 
possibly planar 
parallel to low 
angle or rippled 
highly 
weathered, 
bedding 
difficult to 
determine 
decreases 
(coarsens) 
upward 
M
C W2SSB3 n/a 12.5 n/a unknown 
sharp, 
uneven 
but 
mainly 
flat 
uneven, 
concave 
up, sharp 
to grada-
tional 
pinch 
out 
base of ssb is 
sandy siltstone 
with sandy lenses 
(coarsens upward 
due to increase in 
sand content), 
above grades into 
slightly bedded 
(partings?) ss 
with possible 
siderite nodules, 
scour with planar 
parallel to low 
angle x-strat 
above, another 
scour with friable 
draped om-rich 
laminated silty ss, 
another scour 
with low angle x-
strat above, 
becoming 
convoluted as you 
move upward 
(high angle/low 
angle/planar 
parallel x-strat), 
uppermost part of 
ssb dominated by 
ripples 
lateral 
accretion 
surface(s) 
visible to one 
side of outcrop 
highly 
variable, 
overall 
decreases 
(coarsens/ 
cleans) 
upward 
C
S W2SSB4 n/a 2.0 n/a unknown 
sharp, 
uneven 
sharp, 
uneven 
  
planar parallel to 
trough  x-strat, 
difficult to tell 
badly 
weathered 
decreases 
(coarsens) 
upward 
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S
C W2SSB5 n/a 1.0 n/a unknown 
grada-
tional 
grada-
tional 
un-
known 
base is underlain 
by very coaly 
fissile shale; layer 
of very om-rich 
sandy siltstone, 
lots of leaf and 
bark/stem 
impressions; 
overlain by 
bioturbated, om-
rich, siltstone with 
coaly patches 
  blocky 
M
C W2SSB6 n/a 4.0 n/a unknown 
sharp, 
uneven 
sharp, 
uneven 
un-
known 
base has layer of 
siderite (few in 
thick), above 
which is 
convoluted 
bedding, possible 
scour with low 
angle x-strat to 
planar parallel 
lamination, wavy 
trough x-strat, low 
to moderate 
bioturbation, lots 
of gypsum filled 
fractures (vertical 
to sub-vertical), 
scour above with 
ripples at top of 
ssb 
  
increases 
(coarsens/ 
cleans) 
upward, 
then 
decreases 
M
C W2SSB7 n/a 18.5 n/a tabular 
sharp, 
uneven, 
mainly 
flat 
sharp, 
uneven, 
planar 
blocky 
base has 
prominent scour 
with lots of woody 
debris, large 
Teredolites 
burrows, organic-
rich lamina (wavy 
to high angle); 
scour above with 
trough x-strat 
above it, 
becomes low 
angle x-strat with 
intensely 
bioturbated 
(crypic?) 
structureless ss 
above (contains 
lots of pyritic or 
hematitic blebs, 
possibly 
cementation); 
scour with friable 
om-rich lamina 
above (planar 
parallel to wavy); 
another scour 
with faint low 
angle x-strat 
above, changes 
to ripples, then 
back to low angle 
x-strat, with 
ripples comprising 
the uppermost 
several feet of 
this ssb; very 
laterally 
continuous 
contains lateral 
accretion 
surface(s) 
overall 
blocky, 
variations 
within (high 
spike near 
top, not 
sure why) 
C
S W2SSB8 n/a 1.5 n/a unknown 
sharp, 
uneven
? 
sharp, 
uneven? 
unknow
n 
coarsens upward 
slightly from vfg 
silty ss to vfg ss; 
high angle to 
wavy lamina 
(maybe ripples) 
  
increases 
(fines, gets 
dirty) 
upward 
169 
  
M
C W2SSB9 n/a 
23-
43 n/a 
tabular to 
slightly 
lenticular 
sharp, 
flat 
sharp, 
slightly 
uneven/ 
jagged, 
slightly 
concave 
up 
blocky 
high angle, low 
angle, trough x-
strat grades in to 
and out of each 
other, internal 
scours, some 
convoluted 
bedding, 
pyritic/hematitic 
concretions 
present, root 
trace, ripples at 
top 
  
variable, 
overall 
blocky 
M
C W2SSB10 n/a 17.0 n/a tabular 
sharp, 
flat 
sharp, 
uneven 
but 
mostly 
planar 
un-
known 
base of ssb is 
structureless ss 
(cryptic 
bioturbation, 
bioturbation) with 
pyritic/hematitic 
root 
trace/concretions; 
above that is lens 
of wavy, om-rich 
laminated ss; 
grades into 
convoluted 
bedding, then to 
coaly low angle x-
strat, then to high 
angle x-strat, then 
back to coaly 
laminated, low 
angle to planar 
parallel to wavy 
om-rich draped 
friable sandstone; 
ripples at top of 
ss  
  
extremely 
variable, all 
over the 
place! 
Overall 
decreases 
but some 
very hot 
gamma in 
here (some 
parts have 
no calcite) 
S
C W2SSB11 n/a 7.0 n/a unknown 
sharp, 
flat 
sharp, 
uneven 
un-
known 
base is friable 
om-rich draped 
laminated ss; 
scour above 
leads to ripples, 
low angle x-strat, 
then ripples again 
at top of ssb 
  
overall 
decreases 
(coarsens) 
upward 
M
C W2SSB12 n/a 6.5 n/a unknown 
sharp, 
uneven 
sharp, 
uneven 
un-
known 
low to high angle 
x-strat at base 
(lots of hematitic 
staining (maybe 
roots?)), grades 
into structureless 
(maybe cryptic 
bioturbation), 
scour above 
which are ripples 
(faint), then 
another scour 
with moderate-
scale trough 
cross-bedding 
(faint, poorly 
expressed) 
  
overall 
decreases 
(coarsens) 
upward 
C
S W2SSB13 n/a 1.0 n/a unknown 
sharp, 
uneven 
sharp, 
uneven 
un-
known 
possibly rippled, 
badly weathered   
overall 
decreases 
(coarsens) 
upward 
C
S W2SSB14 n/a 1.0 n/a unknown 
sharp, 
uneven 
sharp, 
uneven 
un-
known 
very faint 
lamina/x-strat 
(may be ripples or 
low angle to 
planar parallel to 
wavy), hematitic 
concretions/root 
trace? visible, 
bioturbated 
  
decreases 
then 
increases 
(probably 
took gamma 
once in ssb, 
other 2 
were in 
siltstone) 
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C
S W2SSB15 n/a 1.5 n/a unknown 
sharp, 
uneven 
sharp, 
uneven 
un-
known 
ripples, highly 
weathered, faint 
lamina 
  
overall 
decreases 
(coarsens) 
upward 
M
C W2SSB16 n/a 7.5 n/a unknown 
sharp, 
uneven 
flat 
sharp, 
uneven 
un-
known 
structureless at 
base (bioturbated, 
rooted) with 
hematitic staining; 
scour above 
which is high 
angle x-
strat/convoluted 
bedding with 
pyritic 
concretions, 
changes to 
ripples 
  
overall 
decreases 
(coarsens/ 
cleans) 
upward  
L
M W2SSB17 n/a 2.0 n/a tabular 
sharp, 
uneven 
sharp, 
uneven 
blocky 
structureless ss 
with lots of snails, 
shell fragments, 
coaly bits, woody 
fragments; 
heavily 
bioturbated, 
highly fractured 
  
slightly 
decreases 
(cleans/ 
coarsens) 
upward 
S
C W2SSB18 n/a 2.0 n/a unknown 
sharp, 
uneven 
sharp, 
uneven 
un-
known 
high angle x-strat 
at base, grading 
into low angle x-
strat to planar 
parallel at top 
  
decreases 
(coarsens) 
upward 
S
C W3SSB4 n/a 8.5 n/a 
lenticular
? 
sharp, 
flat 
sharp, 
uneven, 
concave 
up 
pinch 
out 
base of ssb is 
trough to low 
angle x-strat, 
rippled ss above 
pinches out into 
silty laminated ss, 
above that, is 
planar parallel 
with silty lamina 
(grades into 
ripples laterally), 
another layer of 
friable silty-
draped ss, top is 
ripples 
(weathered, 
partially covered) 
  
highly 
variable, 
overall 
blocky 
M
C W3SSB5 n/a 10.5 n/a tabular? 
sharp, 
very 
uneven 
sharp to 
gradation
al into 
silty 
sandston
e 
un-
known 
base is friable 
silty ss (becomes 
more lithified 
upward), grades 
into wavy to 
planar parallel 
om-rich laminated 
silty ss; scour, 
above which is 
high angle to 
convoluted 
bedding, varies 
laterally; another 
layer of friable 
wavy to planar 
parallel laminated 
om-rich silty ss, 
then ripples 
(some small-scale 
scours present), 
becomes planar 
parallel to low 
angle x-strat near 
top; fairly laterally 
extensive; lies 
above coal bed 
  
decreases 
(cleans) 
upward 
(corres-
ponds to 
loss of silt 
content 
upward), 
then pretty 
blocky 
overall 
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M
C W3SSB6 n/a 13.0 n/a 
lenticular
? 
sharp, 
uneven 
sharp, 
uneven, 
concave 
up 
pinch 
out? 
base is 
structureless 
(may be planar 
parallel with 
heavy 
bioturbation), 2 
layers of 0.5 in of 
siderite), grades 
into ripples 
laterally; scour 
above which is 
structureless ss, 
then wavy lamina 
which grade into 
ripples; layer of 
om-rich 
wavy/planar 
lamina and 
ripples (friable) 
silty ss; scour 
above which is 
high angle x-strat 
then convoluted 
bedding at the top 
of ssb 
  
decreases 
(cleans) 
upward, 
variable due 
to silt 
content 
variation? 
Overall 
increases 
(fines) 
upward 
M
C W3SSB12 n/a 19.0 n/a lenticular 
sharp, 
flat 
sharp, 
uneven, 
concave 
up 
pinch 
out? 
planar parallel to 
low-high angle x-
strat at base, 
contains hematite 
(roots? burrows?) 
and mud chips, 
transitions into 
trough x-strat with 
siderite layers 
(locally up to 1 in 
thick) and 
nodules, mainly 
rippled for the 
upper 15 ft (some 
convoluted 
bedding in there) 
and occasional 
draped lamina 
  
overall 
cleans 
(coarsens) 
upward, 
becomes 
blocky 
M
C W4SSB1 n/a 9.0 n/a unknown 
sharp, 
flat 
sharp, 
uneven, 
planar 
un-
known 
small scale trough 
x-strat/ripples at 
base, om, siderite 
nodules or 
hematite-stained 
root trace; scour 
above which is 
low angle x-strat; 
another scour 
above which is 
ripples; strat 
changes into 
planar parallel 
om-rich thin silty 
lamina (low angle 
or wavy, may be 
partings), layer of 
concretions (root 
trace?) above 
which is wavy to 
low angle or 
rippled strata; 
fairly laterally 
extensive (couple 
hundred  feet or 
so), may be some 
lateral accretion 
surface(s) in there 
  
overall 
blocky 
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M
C W4SSB2 n/a 21.0 n/a 
lenticular
? 
sharp, 
flat 
sharp, 
uneven, 
planar 
pinch 
out? 
base is trough to 
planar parallel to 
low angle x-strat, 
mud-draped 
lamina in silty ss; 
scour with ripples 
above, grades 
into medium-
scale trough x-
strat upward and 
laterally; another 
scour with ripples 
above, some 
weathered 
concretions; 
multiple internal 
scours, another 
layer of silty ss 
(partially 
covered), then 
more ripples; 
layer of planar 
parallel to wavy 
draped silty ss; 
scour above 
which are ripples, 
more internal 
scours, 
concretions  
(hematitic, 
possibly root 
trace), more 
interbedded silty 
ss layers; fairly 
laterally 
continuous (100-
200 ft) 
  
decreases 
upward at 
base, 
becomes 
blocky 
M
C W4SSB3 n/a 20.5 n/a 
lenticular
? 
sharp, 
flat 
sharp, 
uneven, 
concave 
up 
pinch 
out? 
low angle x-strat 
above basal 
scour, multiple 
scours 
throughout; 
ripples, trough x-
strat 
(unidirectional 
and bidirectional 
sections), 
convoluted 
bedding, planar 
parallel to low 
angle x-strat 
(parting 
lineations?), 
contains lots of 
concretions 
(hematitic), likely 
root trace, mostly 
ripples at the top 
amidst 
weathered, 
slabby ss and 
multiple scours; 
laterally 
continuous (100-
200 ft or so) 
  
highly 
variable, 
overall 
decreases 
(coarsens/ 
cleans) 
upward but 
portions are 
hotter (little 
blocks) 
M
C W4SSB4 n/a 12.0 n/a 
lenticular
? 
sharp, 
flat 
sharp, 
uneven, 
concave 
up 
pinch 
out? 
alternating beds 
of low angle x-
strat to 
wavy/planar 
parallel draped 
with silt silty ss 
and rippled 
sandstone, 
multiple internal 
scours; 
moderately 
laterally 
continuous 
(maybe 50-100 ft 
or so) 
lateral 
accretion 
surface(s)? 
highly 
variable, 
overall 
decreases 
(coarsens 
/cleans) 
upward but 
variable due 
to 
fluctuating 
silt/clay 
content 
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C
S W4SSB5 n/a 1.0 n/a unknown 
sharp, 
uneven 
sharp, 
uneven 
unknow
n 
structureless, lots 
of siderite or 
hematite; maybe 
5-10 ft long or so 
not sure this is 
an actual 
ssb…may be a 
broken off slab 
decreases 
(coarsens) 
upward 
M
C W4SSB6 n/a 7.5 n/a unknown 
sharp, 
uneven, 
mainly 
flat 
sharp, 
uneven 
un-
known 
siderite 
concretions at 
base in 
structureless ss 
(maybe 
bioturbated); 
scour with ripples 
above; scour with 
low angle x-strat  
to planar parallel 
grading into 
convoluted 
bedding, which 
grades into 
ripples above; 
scour with 
structureless 
(bioturbated) to 
faintly rippled ss 
at top of ssb; 
moderately 
laterally 
continuous 
(maybe 50 ft or 
so) 
  
decreases 
(coarsens) 
upward then 
becomes 
blocky at 
the top 
M
C W4SSB7 n/a 18.0 n/a unknown 
sharp, 
uneven, 
mainly 
flat 
sharp, 
uneven 
un-
known 
planar parallel to 
low angle x-strat 
at base grades 
into ripples to 
structureless 
(cryptic 
bioturbation?); 
scour with trough 
x-strat above, 
changes to planar 
parallel to wavy 
om-rich laminated 
silty ss, then into 
small scale high 
angle x-strat 
(maybe ripples?), 
very large 
hematite stained 
areas (resemble 
logs), changes 
back into the silty 
ss, more 
alternating layers 
of silty ss and 
rippled or low 
angle/wavy/planar 
parallel strat; 
facies vary 
laterally; 
sometimes 
convoluted; 
hematitic root 
trace/plant trace 
throughout; 
laterally 
continuous 
(several hundred 
feet at least) 
  
extremely 
variable, all 
over the 
place! 
Overall 
decreases 
but some 
very hot 
gamma in 
here 
(seems to 
correspond 
to increase 
in clay/silt) 
M
C W4SSB8 n/a 5.0 n/a unknown 
sharp, 
uneven, 
mainly 
flat 
sharp, 
uneven 
unknow
n 
base is om-rich 
mud-draped low 
angle x-strat or 
wavy/ripple 
laminated silty ss; 
scour with ripples 
at top 
 
  
overall 
decreases 
(cleans/coar
sens 
upward) 
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C
S W4SSB9 n/a 1.0 n/a unknown 
sharp, 
uneven, 
mainly 
flat 
sharp, 
uneven 
unknow
n 
ripples, maybe 
partings, very well 
cemented; not 
laterally 
continuous 
badly 
weathered 
overall 
decreases 
(cleans/coar
sens 
upward) 
C
S W4SSB10 n/a 2.0 n/a unknown 
sharp, 
uneven, 
mainly 
flat 
sharp, 
uneven 
unknow
n 
ripples at top, 
difficult to make 
out structure; not 
laterally 
continuous 
badly 
weathered 
overall 
decreases 
(cleans/coar
sens 
upward) 
 
 
Appendix E: Summary of sandstone bodies by architectural element (AE). Table includes: 
a) Sandstone body name (SSB) 
i. where names are in the format of ssb#, apparent widths and thickness 
measurements were acquired 
ii. where names are in the format of W#SSB#, the first number indicates measured 
section number, and the last number is specific to each sandstone body 
b) Apparent width: if measured, width data is shown; n/a indicates no data 
c) Maximum thickness: if measured, thickness data is shown; n/a indicates no data 
d) Certainty of terminations (1-10): scale from 1 (least certain) to 10 (most certain) for 
terminations of sandstone bodies as determined in the field. 
e) Overall shape: indicates the overall shape of each sandstone body 
f) Top contact/base contact/side contact: indicates the nature of upper, lower, and side 
contacts 
g) Sedimentary structures: lists sedimentary structures observed in sandstone bodies 
h) Other comments: includes miscellaneous comments regarding sandstone bodies 
i) Log character: description of log character (where present). “No log” indicates no 
gamma-ray data were obtained for that sandstone body. 
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Appendix F 
Paleocurrent Rose Diagrams 
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Vector Mean: 320° 
Circular std dev: 11° 
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Vector Mean: 150° 
Circular std dev: 41° 
N=4 
Vector Mean: 102° 
Circular std dev: 11° 
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Appendix F: Paleocurrent rose diagram summaries by sandstone body including the number of 
measurements acquired, vector mean, and circular standard deviation. 
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Appendix G 
Paleocurrent Data 
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1 1 0.2 sandstone 1 lfg-ufg ripples 79 
 
1 2 3 sandstone 1 vfg ripples 55 
 
1 3 4.7 sandstone 1 vfg ripples 65 
 
1 4 6.2 sandstone 1 vfg trough x-bedding 55 
 
1 5 9.5 sandstone 1 vfg trough x-bedding 20 
 
1 6 9.7 sandstone 1 vfg trough x-bedding 53 
 
1 7 12 sandstone 1 vfg ripples 42 7 
1 8 14.6 sandstone 1 vfg ripples 30 
 
1 9 14.8 sandstone 1 vfg ripples 70 
 
1 10 15 sandstone 1 vfg ripples 100 
 
1 11 19 sandstone 1 vfg ripples 64 7 
1 12 43 sandstone 1 vfg ripples 47 9 
1 13 45 sandstone 1 vfg-fg trough x-bedding 116 9 
1 14 49.5 sandstone 1 vfg-fg ripples 125 8 
1 15 79 sandstone 1 vfg trough x-bedding 219 7 
1 16 81 sandstone 1 vfg ripples 29 9 
1 17 80.5 sandstone 1 vfg ripples 50 8 
1 18 98 sandstone 1 vfg-fg ripples 169 5 
1 19 97 sandstone 1 vfg-fg trough x-bedding 61 5 
1 20 102.5 sandstone 1 vfg trough x-bedding 115 7 
1 21 104 sandstone 1 vfg-fg trough x-bedding 159 7 
1 22 107 sandstone 1 vfg-fg trough x-bedding 185 6 
1 23 153 sandstone 1 vfg ripples 30 8 
1 24 160 sandstone 1 vfg-fg ripples 20 
 
1 25 162 sandstone 1 vfg-fg ripples 10 
 
1 26 174 sandstone 1 vfg-fg trough x-bedding 42 8 
1 27 175.5 sandstone 1 vfg ripples 80 9 
1 28 176 sandstone 1 vfg ripples 342 9 
1 29 176 sandstone 1 vfg ripples 97 9 
1 30 175 sandstone 1 vfg ripples 335 8 
1 31 178 sandstone 1 vfg-fg ripples 105 8 
1 32 184 sandstone 1 vfg-fg ripples 32 9 
1 33 188 sandstone 1 vfg-fg ripples 20 8 
1 34 185.5 sandstone 1 vfg-fg ripples 36 8 
1 35 183 sandstone 1 vfg-fg ripples 150 8 
1 36 183 sandstone 1 vfg-fg ripples 54 8 
1 37 189.5 sandstone 1 vfg-fg ripples 120 8 
1 38 189 sandstone 1 vfg-fg ripples 59 8 
1 39 216 sandstone 1 vfg-fg ripples 208 8 
186 
  
1 40 216 sandstone 1 vfg-fg ripples 212 8 
1 41 216 sandstone 1 vfg-fg ripples 200 8 
1 42 216 sandstone 1 vfg-fg ripples 205 8 
1 43 218 sandstone 1 vfg-fg ripples 224 9 
1 44 225 sandstone 1 vfg-fg ripples 205 7 
1 45 226 sandstone 1 vfg-fg ripples 225 7 
1 46 227 sandstone 1 vfg-fg ripples 205 7 
1 47 254 sandstone 1 vfg-fg trough x-bedding 60 
 
1 48 253.5 sandstone 1 vfg-fg ripples 56 5 
1 49 314.5 sandstone 1 vfg-fg ripples 93 9 
1 50 314 sandstone 1 vfg-fg ripples 80 9 
1 51 315 sandstone 1 vfg trough x-bedding 106 8 
1 52 315.5 sandstone 1 vfg trough x-bedding 97 8 
1 53 318 sandstone 1 vfg-fg ripples 91 
 
1 54 318 sandstone 1 vfg-fg ripples 90 
 
1 55 317 sandstone 1 vfg-fg ripples 80 9 
1 56 350 sandstone 1 fg ripples 220 
 
1 57 347 sandstone 1 fg ripples 245 6 
1 58 346 sandstone 1 fg ripples 224 6 
1 59 345.5 sandstone 1 fg ripples 230 7 
1 60 345 sandstone 1 fg ripples 254 7 
1 61 352 sandstone 1 vfg-fg ripples 239 6 
1 62 380 sandstone 1 fg ripples 120 
 
2 63 405 sandstone 1 mg ripples 74 
 
2 64 6.8 sandstone 1 vfg trough x-bedding 125 6 
2 65 12 sandstone 1 vfg ripples 122 8 
2 66 65 sandstone 1 vfg-fg ripples 230 6 
2 67 120 sandstone 1 vfg-fg trough x-bedding 200 3 
2 68 128 sandstone 1 vfg-fg trough x-bedding 50 3 
2 69 131 sandstone 1 vfg-fg ripples 55 7 
2 70 133 sandstone 1 vfg-fg ripples 55 10 
2 71 135 sandstone 1 vfg-fg ripples 60 6 
2 72 135.5 sandstone 1 vfg-fg ripples 69 6 
2 73 200 sandstone 1 vfg-fg ripples 110 5 
2 74 235 sandstone 1 vfg-fg ripples 166 9 
2 75 240 sandstone 1 vfg-fg ripples 126 8 
2 76 282 sandstone 2 vfg-fg ripples 220 6 
2 77 285 sandstone 2 fg ripples 303 5 
2 78 306 sandstone 1 fg-mg ripples 326 8 
2 79 307 sandstone 1 fg ripples 288 7 
3 80 5 sandstone 1 vfg-fg ripples 60 6 
3 81 6 sandstone 1 vfg-fg ripples 65 6 
3 82 15 sandstone 1 fg ripples 147 5 
3 83 16 sandstone 1 fg ripples 62 8 
3 84 28 sandstone 1 vfg ripples 75 7 
3 85 31 sandstone 1 vfg ripples 85 8 
3 86 32 sandstone 1 vfg ripples 60 9 
3 87 53 sandstone 1 vfg ripples 136 9 
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3 88 118 sandstone 1 vfg-fg ripples 130 6 
3 89 170 sandstone 1 vfg ripples 240 6 
3 90 176 sandstone 2 vfg ripples 230 6 
3 91 193 sandstone 1 vfg ripples 50 8 
3 92 236 sandstone 1 vfg ripples 236 6 
4 93 3.5 sandstone 1 fg ripples 75 7 
4 94 4 sandstone 1 fg ripples 35 8 
4 95 6 sandstone 1 vfg-fg ripples 168 5 
4 96 11.5 sandstone 1 vfg-fg ripples 65 5 
4 97 35 sandstone 1 fg ripples 75 8 
4 98 38 sandstone 1 vfg-fg ripples 62 6 
4 99 46 sandstone 1 vfg ripples 100 7 
4 100 66 sandstone 1 fg ripples 35 8 
4 101 75 sandstone 1 vfg-fg ripples 350 9 
4 102 75 sandstone 1 fg ripples 84 7 
4 103 79 sandstone 1 fg ripples 85 8 
4 104 117 sandstone 1 vfg-fg ripples 157 8 
4 105 142 sandstone 1 fg ripples 88 8 
4 106 163 sandstone 1 vfg ripples 12 6 
4 107 164 sandstone 1 vfg ripples 80 6 
4 108 164 sandstone 1 vfg ripples 95 6 
4 109 165 sandstone 1 vfg ripples 100 7 
4 110 171 sandstone 1 vfg-fg ripples 81 8 
4 111 206 silty 
sandstone 1 vfg-silt ripples 110 6 
4 112 208 sandstone 1 vfg-fg ripples 189 9 
4 113 230 sandstone 1 fg-mg ripples 34 9 
sbm1 114 ssb1 sandstone 1 
 
ripples 305 
 
sbm1 115 ssb1 sandstone 1 
 
ripples 325 
 
sbm1 116 ssb1 sandstone 1 
 
ripples 330 
 
sbm1 117 ssb2 sandstone 2 
 
ripples 220 
 
sbm1 118 ssb2 sandstone 2 
 
foresets 160 
 
sbm1 119 ssb3 sandstone 2 
 
ripples 90 10 
sbm1 120 ssb3 sandstone 2 
 
ripples 70 8 
sbm1 121 ssb3 sandstone 2 
 
ripples 70 8 
sbm1 122 ssb3 sandstone 2 
 
ripples 30 
 
sbm1 123 ssb3 sandstone 2 
 
ripples 80 
 
sbm1 124 ssb4 sandstone 2 
 
ripples 110 
 
sbm1 125 ssb4 sandstone 2 
 
ripples 70 
 
sbm1 126 ssb4 sandstone 2 
 
ripples 30 
 
sbm1 127 ssb4 sandstone 2 
 
ripples 40 
 
sbm1 128 ssb4 sandstone 2 
 
ripples 50 
 
sbm1 129 ssb4 sandstone 2 
 
ripples 10 
 
sbm1 130 ssb7 sandstone 1 
 
ripples 50 
 
sbm1 131 ssb8 sandstone 2 
 
ripples 210 
 
sbm1 132 ssb8 sandstone 2 
 
ripples 215 
 
sbm1 133 ssb10 sandstone 2 
 
trough x-strat 130 
 
sbm1 134 ssb10 sandstone 2 
 
ripples 114 
 
sbm1 135 ssb10 sandstone 2 
 
ripples 76 
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sbm1 136 ssb10 sandstone 2 
 
ripples 94 
 
sbm1 137 ssb10 sandstone 2 
 
ripples 95 
 
sbm1 138 ssb11 sandstone 2 
 
ripples 76 
 
sbm1 139 ssb11 sandstone 2 
 
ripples 98 
 
sbm1 140 ssb11 sandstone 2 
 
ripples 10 4 
sbm1 141 ssb11 sandstone 2 
 
ripples 84 
 
sbm1 142 ssb11 sandstone 2 
 
ripples 74 7 
sbm1 143 ssb11 sandstone 2 
 
ripples 55 6 
sbm1 144 ssb11 sandstone 2 
 
ripples 72 
 
sbm1 145 ssb12 sandstone 3 
 
ripples 33 
 
sbm1 146 ssb12 sandstone 3 
 
ripples 30 
 
sbm1 147 ssb13 sandstone 2 
 
ripples 52 4 
sbm1 148 ssb14 sandstone 2 
 
ripples 52 
 
sbm1 149 ssb14 sandstone 2 
 
ripples 57 
 
sbm1 150 ssb35 sandstone 1 
 
ripples 58 
 
sbm1 151 ssb5 sandstone 2 
 
ripples 56 
 
sbm1 152 ssb36 sandstone 1 
 
foresets 52 8 
sbm1 153 ssb8 sandstone 2 
 
ripples 220 6 
sbm1 154 ssb8 sandstone 2 
 
trough x-strat 115 9 
sbm1 155 ssb37 sandstone 2 
 
trough x-strat 140 
 
sbm3 156 W3SSB5 sandstone 2 
 
ripples 109 
 
sbm3 157 W3SSB5 sandstone 2 
 
ripples 160 
 
sbm3 158 W3SSB5 sandstone 2 
 
foresets 83 
 
sbm3 159 ssb3-1 sandstone 2 
 
foresets 69 6 
sbm3 160 ssb3-1 sandstone 2 
 
ripples 135 6 
sbm3 161 ssb3-1 sandstone 2 
 
ripples 88 7 
sbm3 162 ssb3-1 sandstone 2 
 
ripples 220 7 
sbm3 163 ssb3-1 sandstone 2 
 
ripples 90 
 
sbm3 164 ssb3-4 sandstone 2 
 
foresets 75 7 
sbm3 165 ssb3-4 sandstone 2 
 
foresets 96 7 
sbm3 166 ssb3-4 sandstone 2 
 
trough x-strat 140 9 
sbm3 167 ssb3-4 sandstone 2 
 
foresets 210 6 
sbm3 168 ssb3-6 sandstone 2 
 
ripples 135 
 
sbm3 169 ssb3-7 sandstone 1 
 
foresets 206 5 
sbm3 170 ssb3-8 sandstone 2 
 
ripples 65 7 
sbm3 171 ssb2-1 sandstone 1 
 
foresets 106 6 
sbm3 172 ssb2-1 sandstone 1 
 
trough x-strat 141 
 
 
 
Appendix F: Paleocurrent data summary table including: 
a) Section/ssb measurement locale:  
i.  (1-4): indicates paleocurrent data acquired while measuring sections 
ii. sbm1 or sbm3: indicates paleocurrent data acquired while collecting sandstone-
body measurements 
b) Obs.: observation number 
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c) Height/SSB#:  
i. Height: numbers indicate the height at which paleocurrent data were acquired 
while measuring sections (1-4) 
ii. SSB#: indicates the sandstone body from which paleocurrent data were acquired 
during sandstone-body measurement data collection   
d) Lithology: indication of rock type 
e) AE: architectural element code: 
i. 1 = single-story channel body 
ii. 2 = multi-story channel body 
iii. 3 = crevasse splay 
f) Grain size: indication of framework grain size 
g) Structure: indication of the sedimentary structure from which paleocurrent data were 
acquired 
h) Azimuth: paleocurrent direction 
i) Certainty: indication of certainty on a scale from 1 (least certain) to 10 (most certain) of 
each paleocurrent measurement. Certainty estimated based on the clarity of 
sedimentary structure and likelihood of accuracy of paleocurrent direction. 
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Appendix H 
Thin Section Summary 
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WC-1-10 W1SSB1 
Asymmetric- 
ripple cross-
laminated 
sandstone 
orangeish-
tan vfg 
moderate 
to well 
angular 
to sub-
angular 
Q: 40% 
K: 10% 
P: 20% 
L: 20% 
O: 10% 
clay; 
dolomite 
Hand sample: some com 
(some coal concentrated in 
lenses/discontinuous lamina), 
fairly well-cemented, little to 
no calcite, some siderite/clay 
Thin section: overgrowths 
on quartz, feldspars; some 
dissolution of plagioclase 
feldspars; some feldspar 
replacement by clay; no 
calcite; evidence of 
compaction; ~30% pore 
space 
WC-1-26 W1SSB2 
Asymmetric- 
ripple cross-
laminated 
sandstone 
orangeish-
tan 
lvfg
-lfg 
moderate 
to well 
angular 
to sub-
angular 
Q: 40% 
K: 10% 
P: 20% 
L: 20% 
O: 10% 
clay; 
dolomite 
Hand sample: some organic 
material; well-cemented; lots 
of carbonate; some green 
mineral; siderite/clay, can see 
strata (orange lamina) 
Thin section: overgrowths 
on quartz, feldspars; some 
dissolution of plagioclase 
feldspars; some feldspar 
replacement by clay; 
evidence of compaction; ~30-
40% pore space 
WC-3-27 W3SSB11 
Low-angle  
cross-
stratified 
sandstone 
tan/black vfg moderate to well 
sub-
angular 
to sub-
rounded 
Q: 40% 
K: 10% 
P: 20% 
L: 20% 
O: 10% 
quartz; 
clay; 
dolomite 
Hand sample: some to lots 
organic material 
(lamina/drapes visible, 
grains); some carbonate; 
moderately friable; clay, 
pyrite or hematite-stained 
clay? 
Thin section: overgrowths 
on quartz, feldspars; some 
dissolution of plagioclase 
feldspars; some feldspar 
replacement by clay; no 
calcite; possible rootlet trace; 
evidence of compaction; 
~20% pore space 
WC-1-50 W1SSB8 
Low-angle  
cross-
stratified 
sandstone 
orangeish-
light gray 
lvfg
-
lmg 
moderate 
to poor 
sub-
angular 
Q: 40% 
K: 10% 
P: 20% 
L: 20% 
O: 10% 
dolomite, 
maybe 
calcite 
Hand sample: some organic 
material; fairly well-cemented; 
lots of calcite; siderite/clay; 
blebs of hematite/pyrite, can 
see strata/lamina 
Thin section: dolomite 
cement prevalent; 
overgrowths on quartz, 
feldspars; some dissolution of 
plagioclase feldspars; 
evidence of compaction; 
~10% pore space 
WC-4-12 W4SSB7 
Trough cross-
stratified 
sandstone 
orange lvfg
-lfg 
moderate 
to well 
sub-
angular 
to sub-
rounded 
Q: 50% 
K: 5% 
P: 25% 
L: 15% 
O: 5% 
dolomite; 
some 
clay with 
siderite/ 
hematite 
in pores 
Hand sample: some organic 
material, moderately friable, 
no calcite; siderite/hematitic 
concretions or blebs; can see 
strat/lamina; plagioclase 
feldspar or gypsum xls visible 
Thin section: overgrowths 
on quartz, feldspars; some 
dissolution of plagioclase 
feldspars; some feldspar 
replacement by clay; 
evidence of compaction; ~30-
40% pore space 
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WC-1-44 W1SSB6 
Trough cross-
stratified 
sandstone 
light gray-
orange 
lvfg
-
lmg 
moderate 
to poor 
angular 
to sub-
angular 
Q: 40% 
K: 10% 
P: 20% 
L: 20% 
O: 10% 
dolomite 
or 
calcite; 
siderite 
or 
hematite, 
clay 
Hand sample: some to lots 
organic material, some 
lenses of coaly or charcoaly 
areas, slightly friable, some to 
lots of calcite or dolomite 
Thin section: overgrowths 
on quartz, feldspars; some 
dissolution of plagioclase 
feldspars; some feldspar 
replacement by clay; 
evidence of compaction; ~30-
40% pore space 
WC-1-63 W1SSB12 
High-angle 
cross-
stratified 
sandstone 
orangeish-
light gray vfg moderate 
angular 
to sub-
angular 
Q: 50% 
K: 15% 
P: 10% 
L: 10% 
O: 15% 
dolomite 
and  
calcite; 
some 
clay with 
siderite/h
ematite 
in pores 
Hand sample: some organic 
material; slightly friable; little 
to some calcite; mostly qtz? 
Looks sucrosic 
Thin section: overgrowths 
on quartz, feldspars; 
prevalent dissolution of 
plagioclase feldspars; some 
feldspar replacement by clay; 
evidence of compaction; 
some large (~4 mm) lithic 
(siltstone) fragments; ~30-
40% pore space 
WC-1-66 W1SSB8 
High-angle 
cross-
stratified 
sandstone 
light gray-
orange 
lvfg
-
lmg 
moderate 
to poor 
angular 
to sub-
angular 
Q: 30% 
K: 20% 
P: 10% 
L: 30% 
O: 10% 
dolomite 
mainly, 
little 
calcite; 
siderite 
or 
hematite, 
clay 
Hand sample: some organic 
material (particles, lenses, 
impressions, cleaty chunks); 
slightly friable; some calcite; 
fossil (plant stem?) 
Thin section: overgrowths 
on quartz, feldspars; some 
dissolution of plagioclase 
feldspars; some feldspar 
replacement by clay; 
evidence of compaction; ~30-
40% pore space 
WC-2-17 W2SSB6 Convoluted 
sandstone orange 
silt-
vfg 
moderate 
to poor 
sub-
angular 
to sub-
rounded 
Q: 30% 
K: 20% 
P: 10% 
L: 30% 
O: 10% 
silt/clay 
with 
siderite/h
ematite 
in 
intergran
ular 
space 
Hand sample: lots of organic 
material (some chunks of 
coal and charcoal), some to 
little calcite; some oxidation 
(hematite, siderite, or 
limonite) 
Thin section: appears to be 
a silty sandstone; framework 
grains floating in silty or 
clayey matrix; overgrowths on 
quartz, feldspars; some 
dissolution of plagioclase 
feldspars; some feldspar 
replacement by clay; 
evidence of compaction; little 
pore space (~10-15%) 
WC-2-26 W2SSB16 Structureless 
sandstone 
light gray-
tan 
uvf
g-
ufg 
moderate 
to well 
sub-
angular 
to sub-
rounded 
Q: 40% 
K: 20% 
P: 10% 
L: 20% 
O: 10% 
quartz 
(overgro
wths); 
mainly 
calcite 
Hand sample: little organic 
material; lots of calcite 
precipitate; little 
siderite/hematite; moderately 
friable 
Thin section: overgrowths 
on quartz, feldspars; some 
dissolution of plagioclase 
feldspars; some feldspar 
replacement by clay; 
evidence of compaction; little 
pore space (~10-15%) 
WC-1-25 W1SSB2 
Organic-rich 
laminated 
silty 
sandstone 
orangeish-
tan 
lvfg
-lfg moderate 
angular 
to sub-
rounded 
Q: 40% 
K: 10% 
P: 20% 
L: 20% 
O: 10% 
little 
cement; 
what 
cement 
is 
present 
appears 
to be 
calcite 
and clay 
Hand sample: organic 
material (some particles, 
some in lamina), little to no 
calcite, moderately friable, 
can see strata/lamina 
Thin section: overgrowths 
on quartz, feldspars; some 
dissolution of plagioclase 
feldspars; some feldspar 
replacement by clay; 
evidence of compaction 
moderate; ~30-40% pore 
space 
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WC-1-45 W1SSB7 
Organic-rich 
laminated 
silty 
sandstone 
orangeish-
light gray 
lvfg
-lfg 
moderate 
to poor 
angular 
to sub-
angular 
Q: 40% 
K: 20% 
P: 10% 
L: 10% 
O: 20% 
dolomite 
mainly, 
little 
calcite; 
siderite 
or 
hematite, 
clay 
Hand sample: some organic 
material, slightly to 
moderately  friable; lots of 
carbonate, siderite/clay, 
some pockets where siderite 
or organic material was and 
is now gone; mud chips 
Thin section: overgrowths 
on quartz, feldspars; 
prevalent dissolution of 
plagioclase feldspars; some 
feldspar replacement by clay; 
evidence of compaction; 
mostly 1-2 mm lithic 
fragments; dissolved micas 
present; ~30-40% pore space 
WC-1-3 W1SSB1 
Organic-rich 
laminated 
silty 
sandstone 
tan-orange lvfg
-lfg moderate 
angular 
to sub-
angular 
Q: 40% 
K: 20% 
P: 10% 
L: 10% 
O: 20% 
dolomite; 
little 
calcite; 
clay 
Hand sample: some organic 
material; moderately friable; 
some carbonate (calcite or 
dolomite); siderite/hematite 
grains/patches/cement? 
Clayey light-gray lamina 
Thin section: overgrowths 
on quartz, feldspars; 
prevalent dissolution of 
plagioclase feldspars; some 
feldspar replacement by clay; 
evidence of compaction; 
some large (~4 mm) lithic 
(siltstone) fragments; ~30-
40% pore space 
WC-2-7 W2SSB3 Structureless 
siltstone 
orange to 
orangeish-
tan 
silt-
vfg 
moderate 
to well; 
n/a 
sub-
angular 
to sub-
rounded; 
n/a 
Q: 40% 
K: 20% 
P: 10% 
L: 10% 
O: 20% 
clay/silt; 
maybe 
some 
dolomite 
Hand sample: heavily clayey 
siderite/hematite-stained 
areas (no calcite) with 
injections of vfg sandstone 
containing lots of calcite 
Thin section: interbedded 
siltstone and sandstone; 
portion of thin section is 
mainly clay/silt with floating 
quartz grains and little 
porosity; sandstone portion 
contains intraclasts/mud-
chips from the siltstone; 
compaction evident; 30-40% 
porosity 
WC-2-16 W2SSB5 Structureless 
siltstone 
oragneish-
brown silt n/a n/a silt 
silt/clay 
with 
siderite/h
ematite 
Hand sample: lots of great 
organic material and 
impressions; little to no 
calcite; appears to be 
siltstone 
Thin section: siltstone; 
organic-rich stringers and 
lamina with siderite/hematite 
WC-2-8 W2SSB3 
Organic-rich 
laminated 
silty 
sandstone 
orangeish-
tan vfg 
moderate 
to well 
sub-
angular 
to sub-
rounded 
Q: 40% 
K: 10% 
P: 20% 
L: 10% 
O: 20% 
siderite 
or 
hematite-
stained 
clay 
mainly; 
less than 
5%carbo
nate 
cement 
Hand sample: some to little 
organic material,; slightly 
friable; little to no calcite, 
some stained clay 
(hematitel/siderite?) 
Thin section: overgrowths 
on quartz, feldspars; some 
dissolution of plagioclase 
feldspars; some feldspar 
replacement by clay; 
evidence of compaction; 
slightly weathered muscovite 
present; little to no calcite 
grains; ~30-40% pore space 
 
 
Appendix G: Summary of thin sections including: 
a) Thin Section: label for each thin section with the first number indicating which measured 
section the sample was acquired from and the second number indicating the height at 
which the sample was acquired from 
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b) Sandstone Body: indicates the sandstone body from which the sample was acquired 
c) Facies: indicates interpreted facies for each thin section 
d) Color: indicates color of hand sample from which thin section was created 
e) Grain size: indicates mean grain size (from hand sample and thin section) 
f) Sorting: indicates average sorting (from hand sample and thin section) 
g) Roundness: indicates average framework-grain roundness (from hand sample and thin 
section) 
h) Framework grains: estimates of the percentages of each framework grain (from thin 
section) 
i) Cement: indicates cement(s) observed (from thin section) 
j) Notes: includes observations from hand sample and thin section 
 
